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The justification for development of elite loblolly pine (Pinus taeda L.) genotypes
includes potential increases in stand uniformity and reduction in planting densities and
corresponding establishment costs. However, some genotypes produce less desirable
characteristics than others. The ability to realize full potential genetic gains is dependent
on selecting appropriate combinations of genetic material and silvicultural management.
In 2008, a study was established in the upper coastal plain of Mississippi to examine the
performance of two varietal loblolly pine genotypes, a “crop tree” ideotype (CROP) and a
“competitor” ideotype (COMP), at two levels of management intensity and three different
initial tree spacings. After nine growing seasons, differences in crown morphology, top
dieback frequency, and growth and yield variables are apparent between genetics and
silvicultural intensity. The COMP ideotype had, on average, greater crown volume, less
acute branch angles, and LAI than the CROP ideotype. Increasing management intensity
had greater impact on crown characteristics than genotype. Current annual increment
growth of stem wood was statistically higher in the COMP ideotype under intensive
management and lowest stocking level. The interaction of ideotype, management

intensity and spacing level significantly impacted growth and yield. The COMP ideotype
is projected to produce greater volume than the CROP ideotype on this site. There was
no significant difference between ideotypes with respect to specific gravity for any
combination of cultural treatments. Instances of top dieback were significantly higher in
the CROP ideotype across management and spacing levels. Nutrient sufficiency levels for
fast growing loblolly pine and foliar levels in the current study were statistically
significant. Differences due to management intensity were related to reduced competition
and lower incidence of damage. The results of this study provide a reference point for
elite loblolly pine under different silvicultural regimes for landowners interested in
performance potential in Mississippi’s upper coastal plain.
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CHAPTER I
CROWN VARIATION OF TWO VARIETAL LOBLOLLY PINE IDEOTYPES AT
AGE NINE IN MISSISSIPPI
Introduction
Loblolly pine (Pinus taeda L.) is the dominant species component of the southern yellow
pine timber market. The flexibility of this species in terms of overall production and
merchantability, as well as its broad natural range, has made it an ideal candidate for genetic
improvement. Since the establishment of regional tree improvement cooperatives in the 1950’s,
great advances have been made in volume production, stem form, overall wood quality and
disease resistance from those first open-pollinated selections through the use of single half-sib
family blocks and mass-controlled pollination (MCP) full-sib families (Bramlett 2007, Duzan
and Williams 1988, Fox et al. 2007, Jansson and Li 2004, Jokela et al. 2010, Li et al. 1999,
2000; McKeand et al. 2003, 2006a, 2006b). With each successive increase in yield, a
complementary increase in the intensity of site preparation and management becomes essential to
the success of achieving the full benefit of the genetic gains (Allen et al. 2005, Bettinger et al.
2009). As forestry practices began to shift toward an agricultural establishment model of
intensive site preparation and management, the expectation of an agricultural outcome, in terms
of uniformity of product, has been the goal of many landowners. The development of varietal
materials from the most elite crosses has been undergoing rigorous testing for over two decades
under a variety of field conditions (Albaugh et al. 2016, Gleed et al. 1995, Li et al. 1991, Pile et
1

al. 2016, Wright and Dougherty 2007). Varietals are anticipated to have greater uniformity than
previous genetic types, thus allowing landowners to choose specific genotypes to meet their site
and management objectives.
One of the potential benefits of varietal material is the ability to utilize the concept of the
ideotype which defines the specific genotype by a defined characteristic or set of characteristics.
In loblolly pine, the ideotype concept summarizes the phenotypic characteristics of the tree’s
growth habit into categories that establish a standard growth strategy for the tree in a consistent
and predictable manner (Dickmann et al. 2010, Donald 1968, Martin et al. 2001). Three main
ideotype categories have been established for trees based on crown characteristics such as branch
size, branch angle, number of branches and tendency to self-prune (Cannell 1978, Donald and
Hamblin 1976, Martin et al. 2001). The crop ideotype growth strategy is defined as efficiently
exploiting locally available resources while experiencing little competition with neighboring
trees in terms of site resources. Trees with a crop ideotype tend to have narrow crowns and
small, upright branches that grow well without excessively competing for site resources with
other similar trees. The crop ideotype is predicted to produce the greatest yield per unit area
(Cannell 1978). The competition ideotype, or competitor ideotype, is defined as a tree that
exploits site resources through an expansive crown, interferes with the growth of its neighbors,
and has the greatest individual tree growth. The isolation ideotype is applied to trees that perform
best in young stands when intraspecific competition is minimal. This third ideotype classification
was not investigated in this study. Choosing an ideotype to plant relies heavily on the
management objectives of the given stand (Zhai et al. 2015).
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Numerous studies have examined the performance of varietal ideotypes at both the
individual tree level and in clonal blocks under a variety of management strategies across the
southern U.S. (Albaugh et al. 2006; 2016; Allen et al. 2005; Bettinger et al. 2006; Martin et al.
2001). Clonal plantations are expected to have greater stand uniformity, but few landowners take
into consideration that this uniformity comes at the cost of eliminating site-specific resource
limitations such as nutrient deficiencies and competing vegetation (Yáñez et al. 2015). There
may also be an increase in the frequency of genotype by environment interactions when clones
are utilized in intensively managed plantations (Li et al. 1991, Sierra-Lucero et al. (2003).
Martin et al. (2001) have noted several spatial and temporal scale issues when applying the
ideotype concept to tree development. This disconnect between the temporal and spatial scales of
inquiry, and those same scales for application, has long been noted as an impediment to the
complete understanding of the structural and functional bases of growth knowledge that is
necessary for the development of ideotypes (Garcia-Villacorta et al. 2015, Hinckley et al. 1997,
Martin et al. 2001). The long life span of trees, even under a rotational management regime, is
another impediment to tree ideotype development. At each stage of development, trees express
traits following growth patterns that differentiate with age class. What is described as ‘optimal’
resources for growth differs between the seedling, sapling, and mature growth stages of
individual trees (Martin et al. 2010). Farnsworth and Niklas (1995) observed that plants grow
additively; therefore, current morphological traits tend to constrain the future morphology of a
plant. The tree canopy structure that is essential to defining an ideotype exhibits spatial and
temporal scale challenges. Tree canopies are difficult to study over time due to the age-related
variations in the vertical and horizontal aspects of tree canopies which tend to be far more
complex than that of annual crop plants (Parker 1995). This makes quantification more difficult
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for tree canopy architecture than for agronomic crops because there are growth impacts at each
morphological phase of stand development (Cochrane and Ford 1978, Ford 1982, Martin et al.
2001). Furthermore, environmental impacts from events such as severe storms, pest outbreaks, or
other local phenomena may alter the development and growth of a given ideotype over the
course of the stand rotation.
The configuration of canopy architecture has been demonstrated to have an impact on the
leaf area display of different tree species but not necessarily between ideotypes within a given
species. The amount of leaf area in the canopy of a given tree is directly related to the crown
structural characteristics, such as crown size and shape. It is the volume and distribution of leaf
area that directly impacts the tree’s ability to capture solar energy and, in the long run, directly
influences how that tree competes with others around it (Cannell 1989; Wang and Jarvis 1990;
Stenberg et al.1994; Vose et al. 1994; McCrady and Jokela 1996; 1998; Meir et al. 2002; Emhart
et al. 2007). Clonal ideotypes with shared parentage have been shown to have different net
photosynthesis responses (King et al. 2008; Tyree et al. 2009a; 2009b). This indicates that there
is potential for the volume and distribution of leaf area between ideotypes to vary even when
those ideotypes share a parent. Intensive silviculture has led to positive growth responses in
loblolly pine in numerous studies (Albaugh et al.1998; Jones et al. 2010; Liechty and Fristoe
2013; Roth et al. 2007; Samuelson 1998; Vance and Sanchez 2006; Zhao et al. 2009; 2012). The
physiological processes that are impacted by intensive silviculture are not as well understood.
Selection of appropriate genetics and site resource management may affect leaf area
development and phenology, photosynthesis, respiration, and allocation patterns (Maier et al.
2002; Yanez 2014). This, in turn, affects both photosynthetic and overall growth efficiency
(Pallardy, 2008; Teskey et al. 1987; Zhang et al. 1997; Staudhammer et al. 2009). Leaf area
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increases in response to silvicultural treatments leads to greater carbon assimilation and tree
growth (Albaugh et al., 1998; Jokela and Martin, 2000; McGarvey et al. 2004; Vose and Allen,
1988). Fox et al. (2007), estimated that an increase in leaf area index (LAI) of 1 unit can increase
volume growth by 100 ft3/ac/year. Therefore, the abundance and configuration of leaf area of a
given varietal can play a large role in its overall productivity and final yield.
Questions remain as to the impact of less than ‘optimal’ growth resources on fast growing
varietal loblolly pines. The overall purpose of this research is to determine the impact of
silvicultural manipulation of competition and spacing on two varietal ideotypes of loblolly pine
in the upper coastal plain of Mississippi. Will management of only the non-pine competition
impact crown growth? Does spacing play a part in maintaining crown ideotype? The present
study examines variation in crown architecture with respect to crown length, crown volume,
branch angle at the branch collar, branch angle at the branch midpoint, branch diameter at the
branch collar, and leaf area index at the peak and dormant seasons for two related varietals
classified as a crop ideotype (CROP) and competitor ideotype (COMP) at age nine. The original
assumption for this study was that each ideotype would adhere to the specifically defined
parameters. Thus, the COMP ideotype would have greater overall crown volume, higher leaf
area index, and larger branch diameters than the CROP ideotype regardless of stocking level due
to the inherent parameters of each ideotype.
Methods
The study was established in 2008 at Mississippi State University’s Coastal Plain Branch
MAFES Station near Newton, MS (32° 20.19’N, 89° 05.51’W). Average precipitation at Newton
is around 56 inches per year with an average annual temperature of 63° F (range 50.1° F to 75.5°
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F). Soils on the site are coarse-loamy, siliceous, semi-active, thermic Glossic Fragiudults of the
Prentiss series. The history of this site included agricultural production resulting in a defined Ap
soil horizon. Pre-plant treatments included a broadcast application of Glyphosate (64 ounces/ac)
and 14 inch subsoil tillage in the fall of 2007. A second application of Glyphosate (32 ounces/ac)
was applied in March of 2008 prior to hand planting with containerized seedlings between April
and May of 2008.
The study was set up as a generalization of a split plot design with 2 main plot factors,
each at 2 levels and on subplot factor with 3 levels. The overall design had four replications.
Main effect treatments included two genetic varieties of loblolly pine and two levels of
management intensity, with main effect treatment plots split into three subplot initial planting
spacings. Trees within the spacing subplot units were planted in 64 tree blocks (8 rows x 8 trees).
Two maternally related varietal genotypes of loblolly pine, produced by ArborGen, LLC, were
used in this study. One varietal was considered to be a competitor ideotype characterized by a
wider crown form, and the other was considered to be a crop tree ideotype with a narrower,
compact crown form. The two levels of management were categorized as either normal intensity
(N) or intensive (I) management based on silvicultural treatments. All plots received an
additional herbaceous competition control treatment in year one through a broadcast application
of Oustar® (10 ounces/ac). Additional management inputs applied only to the intensive plots
included tip moth control in the form of a single 20 mg SilvaShield™ tablet (Bayer
Environmental Science) in the planting hole at time of planting, PTM™ insecticide (BASF
Corp.) injected 3-6 inches deep in the soil adjacent to each tree (0.05 ounces active ingredient per
tree) in years two and three for additional tip moth control, herbaceous competition control in
year two (1 ounce/ac of Escort®, 16 ounces/ac Arrow®, 32 ounces/ac Goal®), and mowing of
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competing vegetation in year 3. The trees were planted in three different within row spacing
configurations: 6x14-feet (84ft2/tree which is 518/TPA), 9x14-feet (126ft2/tree or 345 TPA) and
16x14-feet (224ft2/tree or 194 TPA).
At age nine, an assessment of crown characteristics was undertaken to assess the impacts
of management intensity and spacing on each of the varietal genotypes. Measures of leaf area
index (LAI) were collected from each subplot using a LI-COR Biosciences Inc. (Lincoln, NE)
LAI-2200 Plant Canopy Analyzer (Figure 1.1) in August, 2016 for peak LAI and again in
January, 2017 for dormant season LAI to determine differences in leaf area index and
distribution by ideotype. The LAI-2200 is unable to distinguish pine leaf area from non-pine leaf
area. The abundance of competition which was interspersed through the mid-canopy of the
measurement plots in the normal management intensity plots was a source of bias in the LAI
measurements and was therefore removed mechanically in the spring of 2016. Mechanical
removal consisted of using a small bull dozer to carefully push over all materials between tree
rows and a hand held saw-head trimmer was used between trees within a row. Care was taken to
disturb as little soil as possible during mechanical competition removal. All LAI measurements
were taken facing the east between 7:00 a.m. and 2:00 p.m. on days when the sky was uniformly
overcast or clear whenever possible. Readings were taken using the 45° view cap on the optical
sensor within the central 16 tree area of the plots. Leaf area index sampling points were taken
between trees and directly under trees in each subplot with 10 open sky readings taken before
and after each subplot measurement. The readings were downloaded from the LAI-2200 and
adjusted according to the procedures outlined by the FV2200 version 2.1.1 software from LICOR Biosciences (2010) to obtain subplot averages for LAI each month. It should also be noted
that one subplot of the 16 x 14 foot spacing under normal management intensity for the CROP
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ideotype was removed from LAI analyses due to poor survival resulting in the inability to take
LAI measurements in this subplot.
The formula (Equation 1.1) used by the LAI-2200 (LI-COR Biosciences Inc. 2016) to calculate
LAI is:
̅𝑖 𝑊𝑖
𝐿 = ∑5𝑖=1 𝐾

(1.1)

Where:
L is the leaf (considered to be all light blocking objects in the view area) area index (LAI),
̅𝑖 is the mean contact number for the ith ring (CONTACT#[*]) (Equation 1.2), and
𝐾
Wi is the weighting factor for the ith ring (LAI_W [*]).
The mean contact number is a function of the transmittance and the path length Si (DIST[*]).
For n Above/Below pairs of observations:
̅𝑖 =
𝐾

𝐵𝑗
1 𝑛
∑
− ln
𝑛 𝑖=1
𝐴

𝑆𝑖

(1.2)

Weighting factor Wi is computed from Equation 1.3:

𝑊𝑖 = ∆𝜃𝑖 𝑠𝑖𝑛𝜃𝑖̅

(1.3)

Where:
𝜃̅𝑖 is the mean zenith angle and
∆𝜃𝑖 is the ring width (radians) associated with ith ring.
Values for ∆𝜃𝑖 are given in the table taken from the LICOR Biosciences Inc. LAI-2200C
(2016) manual and presented below. The weighting factors (Table 1.1) are normalized to sum to
1.0, so when one or more rings are masked, the remaining weighting factors increase. For the
purposes of this study, no rings were masked.
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Measurement of branch diameters and angles was accomplished in blocks 1, 2, and 3
using an aerial lift in July of 2016 (Figure 1.2). Block 4 was not included due to difficulties
operating an aerial lift in certain subplots and the lack of sample trees within the 16 x 14 foot
spacing under normal management intensity for the CROP ideotype. A random subsample of sixtrees per subplot was measured for branch collar diameter at the stem (cm) using a flexible tape
and branch angle using a protractor with the tree stem as the 90° reference point. A branch was
randomly selected from each live whorl both within the row and between the rows up to a threeinch top or 10 whorls, whichever came first. Continuous measures of height have been taken
since stand establishment in 2008. For the purpose of determining crown length, the height to
the first whorl of live branches, measured using a height pole, was subtracted from the total tree
height as determined by a hypsometer. The length of the live crown (CL) for the 2016 growing
season was then calculated by subtracting the height to the base of the live crown from the total
tree height from measurements taken for the 2016 growing season. Crown widths (CW) were
measured within and between rows using a tape measure to determine the projected area of the
crown in square feet and were used to calculate crown volumes. Crown volume (CV) for each
tree was initially calculated as the volume of a parabolic cone (Equation 1.4):
CV = 2(πCW*CL)/15
Where:
CV is crown volume in cubic feet,
CW is the projected area of the crown in square feet, and
CL is live crown length in feet.
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(1.4)

Data analyses for these crown metrics were performed using a mixed models approach modified
for the split plot design for two main plot factors, ideotype and management intensity, (PROC
MIXED; SAS-Institute 2012) using the following model (Equation 1.5):
𝑌𝑖𝑗𝑘 = 𝜇 + 𝛼𝑖 + 𝛽𝑗 +(𝛼𝛽)𝑖𝑗 + 𝛿𝑙 + 𝜀(𝑖𝑗)𝑙 + 𝛾𝑘 + (𝛼𝛾)𝑖𝑘 + (𝛽𝛾)𝑗𝑘 + (𝛼𝛽𝛾)𝑖𝑗𝑘 + 𝑒(𝑖𝑗𝑘)𝑙

(1.5)

Where:
𝛿𝑘 ~𝑁(0, 𝜎𝛿2 ) i.i.d.
𝜀(𝑖𝑗)𝑙 ~𝑁(0, 𝜎𝜀2 ) i.i.d.

Independent

𝑒𝑖𝑗𝑘𝑙 ~𝑁(0, 𝜎 2 ) i.i.d.
Where:
i is the genotype (i = 1, 2),
j is the management intensity (j = 1, 2),
k is the spacing level (k = 1, 2, 3),
l is the block (l = 1, 2, 3, 4), and
Yijk is the overall response for genotype i of management intensity j and spacing level k.
Results presented will include the means for crown length, crown width, crown volume,
branch angle, branch angle at midpoint, and branch diameter at the end of the 2016 growing
season. Significant results were further analyzed by LS MEANS tests to determine treatment
differences based on a critical value of alpha=0.05. For all analyses, ideotypes are indicated by
the following abbreviations, Crop Ideotype (CR or CROP) or Competitor Ideotype (CO or
COMP). Management level is indicated by the following abbreviations, Normal Management
Level (N) or Intensive Management Level (I). Spacing within row is indicated by 6 (6 x 14), 9
(9 x 14) or 16 (16 x 14).
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Results
Leaf Area Index
Results of the LAI analysis were determined for peak season, dormant season, and the
change between peak and dormant seasons for the 9th growing season. Peak season represents
the highest potential LAI for the 9th growing season. Dormant season represents the lowest
potential LAI retained from the 9th growing season. The change between the peak and dormant
season was used to determine leaf area retention differences between treatments. The treatment
level LAI averages for peak season, dormant season, and change in LAI are given in Figure 1.3.
The results of the analysis of the peak leaf area at age nine are presented in Table 1.2. Varietal
by management intensity interaction and spacing were independently significant with respect to
the effect on mean peak season leaf area index measurements. The LS Means results for the
interaction of varietal and management intensity as it affects average peak season LAI
determined that the COMP varietal under intensive management resulted in the highest peak
LAI. However, these results are chained statistically making it difficult to isolate a significantly
best or worst combination of varietal by management intensity to optimize peak season LAI
(Table 1.3). Spacing of 6 x 14 with an average LAI value of 4.86, significantly increased average
peak season LAI compared to the other spacing levels (Figure 1.5). Furthermore, the spacing of
9 x 14, with an average LAI of 4.68, was significantly higher with respect to peak season LAI
than the 16 x 14 spacing which had an average LAI of 3.51.
Analysis of dormant season leaf area index at age nine using a variation of the split plot
design is given in Table 1.4. Varietal, management intensity, and row spacing independently and
significantly affected dormant season LAI with respect to dormant season LAI measurements at
age nine. The competitor varietal had higher average dormant season LAI of 3.16 when
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compared to the crop varietal with an average LAI of 2.66 for the dormant season (Figure 1.4).
The intensive management treatment had significantly higher average dormant season LAI (3.19)
than the normal management treatment (2.62) (Figure 1.5). Comparisons of the three spacings
for dormant season LAI are given in Figure 1.6. The 6 x 14-foot spacing had significantly higher
average dormant season LAI (3.32) than the other two spacing levels. Furthermore, the 9 x 14foot spacing (3.0) was significantly higher than the 16 x 14-foot spacing (2.41) with respect to
average dormant season LAI. Results of the estimated leaf area retention expressed as the
difference between peak and dormant season LAI at age nine was analyzed using a variation of
the split plot design is given in Table 1.5. Management intensity significantly affected mean
change in leaf area index measurements. On average, increasing management intensity resulted
in less change in LAI than normal management (Figure 1.7).
In general, the COMP ideotype had higher leaf area index during both peak and dormant
seasons. Management intensity increase significantly increased average peak and dormant
season LAI values as well as the change between seasonal LAI. The closest spacing of 6 x 14feet significantly increased peak and dormant season LAI over other spacing levels. This may be
a factor of the proximity of the trees to one another allowing overlap of adjacent tree branches.
Similarly, the 16x14-foot spacing level had the lowest average LAI measurements which may be
related to the gaps between trees that had not been occupied by the canopy at the time of
measurement.
Crown Form and Structure
With respect to the overall structure of the crown form comparison between the two
ideotypes presented in this study, the results were not as clearly defined as originally anticipated.
Analysis of large scale crown measurements is given in Table 1.6. Varietal, management
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intensity, and spacing significantly and independently affect average crown length. The COMP
varietal average crown length of 19.4 feet was greater than the CROP varietal average crown
length of 16.6 feet (Figure 1.9). Figure 1.10 demonstrates that intensive management increased
average crown length (20 feet) compared to normal management (16 feet). The spacing of 6 x
14-feet resulted in an average crown length of 19.1 feet which was significantly longer than other
levels of spacing (Figure 1.11). Furthermore, the 9 x 14-foot spacing average crown length (18
feet) was significantly longer than the average crown length of the 16 x 14-foot spacing (16.8
feet) (Figure 1.11). On average, crown width was significantly affected by the interaction of
management intensity and spacing (Table 1.7). Intensive management of the 16 x 14-foot
spacing resulted in significantly wider crowns of 17 feet on average compared to all other
combinations of management intensity and spacing. Normal management of the 6 x 14-foot
spacing resulted in significantly narrower crowns of 11.4 feet on average compared to all other
combinations of management intensity and spacing (Table 1.7). Varietal was independently
significant with respect to average crown width (Table 1.6). The COMP ideotype with an
average crown width of 14.6 feet was significantly different from the CROP ideotype with an
average crown width of 12.5 feet (Figure 1.12). The significant effects for average crown volume
followed as similar pattern to average crown width (Table 1.6). On average, crown volume was
significantly affected by the interaction of management intensity and spacing (Table 1.8).
Intensive management of the 16 x 14-foot spacing resulted in significantly larger crowns of
2,727 ft3 on average compared to all other combinations of management intensity and spacing.
Normal management of the 6 x 14-foot spacing resulted in significantly smaller crowns of 905
ft3 on average compared to all other combinations of management intensity and spacing (Table
1.8). Varietal was independently significant with respect to average crown volume (Table 1.6).
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The COMP ideotype with an average crown volume of 1,836 ft3 was significantly different from
the CROP ideotype with an average crown volume of 1,228 ft3 (Figure 1.13).
Analysis of fine scale crown measurements of branch diameter and angles are given in
Table 1.9. The effect of varietal, management intensity, and spacing were not significant with
respect to average branch diameters (Table 1.9). Branch angle measures taken at the branch
collar were significantly affected by the interaction of varietal and management intensity (Table
1.9). The combination of COMP varietal and intensive management resulted in an average
branch collar angle of 70°, significantly flatter than all other combinations of varietal and
management intensity (Table 1.10). Furthermore, the combination of CROP varietal and
intensive management resulted in an average branch collar angle of 49°, significantly more acute
than all other combinations of varietal and management intensity (Table 1.10). Spacing was
significantly independent with respect to branch collar angle (Table 1.9). The 16 x 14-foot
spacing average branch collar angle of 46° was significantly more acute than the average branch
collar angles of the 6 x 14 or 9 x 14-foot spacings at 50° and 49° respectively (Figure 1.14).
Midpoint branch angle was significantly affected by the interaction of varietal and management
intensity (Table 1.9). The combination of COMP varietal and intensive management resulted in
an average midpoint branch angle of 71°, significantly flatter than all other combinations of
varietal and management intensity (Table 1.11). Furthermore, the combination of CROP varietal
and intensive management resulted in an average midpoint branch angle of 48°, significantly
more acute than all other combinations of varietal and management intensity (Table 1.11).
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Discussion
Seasonal LAI for these two ideotypes varied significantly, and often independently, by
level of varietal, management intensity and spacing. Regardless of spacing intensity or ideotype,
increasing early management intensity generally resulted in a corresponding increase in LAI,
especially in the competitor ideotype. Tyree et al. (2009b) observed similar results in leaf area
accumulation with the addition of logging slash to broad crown and narrow crown loblolly
varietals. The impact of each individual treatment level was apparent when dormant season LAI
was compared. The competitor varietal had significantly higher dormant season LAI than the
crop varietal. The intensive management treatment had significantly higher dormant season LAI
than the normal management treatment. The 6x14-foot spacing had significantly higher dormant
season LAI than the other two spacing levels. Furthermore, the 9x14-foot spacing level was
significantly different from the 16x14-foot spacing with respect to dormant season LAI. Tyree et
al. (2009b) hypothesized that an observed decrease in growth in broad crown varietals where
logging residue was applied resulted in changes to the amount of effective photosynthetic area of
those trees. In that study, the incorporation of logging residue did not impact the foliar biomass
of the varietals but instead increased the canopy silhouette area of the broad crown varietal by
25% while the narrow crown varietal remained unchanged (Tyree et al. 2009b). They concluded
that the logging residue incorporation contributed to an increased leaf area density in the broad
crown varietal. At the Newton site, the lack of competing vegetation on the intensive
management plots may have resulted in a similar nutrient pool which then impacted the amount
of retained leaf area in the competitor varietal. It also appears that in the closest spacing of 6x14feet, the rapidly growing 9-year old loblolly is approaching the maximum LAI and the canopy
has expanded to occupy the available canopy space compared to the other levels of row spacing.
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Furthermore, the crown shape of the crop varietal had been altered from its purported parameters
as was determined by crown measurements and observations of repeated top dieback taken in
this study. This indicated a potential site related issue that was previously undetected at this
location. It has been noted that at a stand level, there is a greater probability of site related
variation when more genetically uniform material is deployed, especially as silvicultural
activities are intensified (McKeand et al. 2006a). When observing the change in LAI between the
peak season and the dormant season, management intensity was the only variable that was
statistically significant. This result supports other studies where increased management intensity
resulted in higher leaf area (Albaugh et al. 1998; Aspinwall et al. 2011; Emhart et al. 2007;
Gough et al. 2004; King et al. 2008). At the highest stand density, the average peak and dormant
season were highest. There was no clear result for change in LAI values observed in the widest
spacing level for any combination of ideotype or management intensity. Few of the widest
spacing level plots had reached canopy closure at the time of the study measurements. It is
possible that with the methods used to take the LAI recordings, a high level of gaps were
recorded resulting in biased estimates of LAI during the peak and dormant seasons. Conversely,
in the 6 x 14-foot plots, crown to crown interaction may have created a situation of overlapping
branches resulting in higher leaf area index measurements due to the inability of the LAI-2200 to
distinguish between pine leaf area from non-pine leaf area, including branches.
The crowns of these trees, especially in the CROP ideotype, displayed a variety of
phenotypic issues that impacted the overall crown architecture as it related to crown ideotype
definitions. Generally, it is held that crown characteristics are moderately heritable (Emhart et al.
2007). In loblolly pine, this included crown radius, number of branches, and branch angle at age
five, as well as crown volume and leaf area at age six, which had H2WF (within-family
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individual-tree broad-sense heritabilities) values between 0.20 and 0.27 (Emhart et al. 2007).
Within-family clonal variation was highly significant for all growth and crown structural traits,
reflecting a wide spectrum of clonal performance in growth and crown development at these ages
(Emhart et al. 2007). At Newton, there were frequent observations of ramicorn branches in both
the CROP and COMP ideotypes across management and spacing treatments. This may be
directly related to their shared maternal parent which is also well known for ramicorn branching
(Xiong et al. 2014). The COMP ideotype did display a wider crown which spread to occupy
space in adjacent tree crowns both within and between rows at the two higher spacing levels and
approaching this overlap in the lowest stocking level. This is consistent with the definition
established by Cannell (1978) for the competitor ideotype. Intensive management variable of the
2008 study yielded results that are similar to other studies in which varietal materials were tested
under varying levels of silvicultural manipulation (Albaugh et al. 2015; Aspinwall et al. 2011;
Emhart et al. 2007; McKeand et al. 2003; Pile et al. 2016). In a study by Albaugh et al. (2016),
growth response to silviculture decreased with increasing crown volume, possibly because in the
early stages of the rotation, crown volume is akin to leaf area index as it impacts growth and
development of the tree. This agrees with the findings of other authors (Cannell 1989; Fox et al.
2007; Landsberg and Sands 2011). In the case of normal management intensity, similar to the
level of intensity generally applied by NIPF landowners, a large crown may allow the tree to
continue to access more site resources and maintain a larger crown and more leaf area regardless
of ideotype. Conversely, Tyree et al. (2009a) found that larger crowns in loblolly pine are not
always an indication of greater leaf area as in their study a crop ideotype clone responded to
fertilization by increasing leaf area which resulted in greater growth response to fertilizer than a
competition ideotype clone. The branch angles and relatively moderate branch diameters (> 0.5
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inches) of the COMP varietal ideotype at Newton also conform to the competitor ideotype. The
CROP ideotype in this study did have a more compact crown and acute branch angles that
allowed the angle of the foliage to potentially intercept light more efficiently, but lacked the
smaller branch diameters when compared to the competitor ideotype. This resulted in the
purported crop ideotype failing to completely meet the criteria for the crop ideotype (Cannell
1978) but rather it fell between the two ideotype categories as what could be considered a
“partial” crop ideotype. This may be a function of the impact of the shared female parent.
McCrady and Jokela (1996) concluded that, among the five loblolly pine families they studied,
there were significant differences in height growth but none for most branching attributes.
Furthermore, frequent top dieback observations have been made at this site, especially in the
plots with the crop ideotype varietal. These dieback events may have had a significant impact on
the overall crown architecture of the crop ideotype (South et al. 2002). The crown attributes of
the varieties were more sensitive to the effects of site, silvicultural management, and planting
density than the stem growth, which suggests greater plasticity in the crown size of the varieties,
at least at an early stage (Yáñez et al. 2015). Due to the repeated diebacks, the lower branches of
the CROP ideotype have been stimulated to compete to become the new terminal causing even
more acute angles to develop at the branch midpoint. As a result, the CROP ideotype’s crown
has assumed a more ovoid crown shape with the branches bending back toward the tree and
causing further growth issues and a lack of a clearly defined terminal leader. This competition to
assume apical dominance may also play a role in the increase in branch diameters for the CROP
ideotype.
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Conclusions
The Newton Ideotype Study presented a number of complex interactions with respect to
interpretation of ideotype classifications for the two maternally related varietal loblolly pine
varietals tested. Intensive management significantly increased LAI and crown volume for each
ideotype. Average LAI during the peak season and dormant season was greatest in the plots with
the closest spacing levels regardless of ideotype. This may be a result due to the overlapping of
canopies rather than greater actual leaf area per tree or the possibility that the trees in the 6 x 14
and 9 x 14 foot spacings are approaching site occupancy. The factor of spacing did not
significantly impact crown volume or branching characteristics with respect to ideotype. Branch
angle at the insertion point characteristics appear to fit the desired ideotype criteria for the two
ideotypes on this site. Midpoint branch angles were significantly different between the two
ideotypes regardless of management intensity or spacing level. Branch diameters were larger
than anticipated for the crop ideotype and may place this CROP varietal between the two
ideotype designations. This may be related to other site specific factors, including repeated top
dieback observed in this study. The COMP ideotype had greater overall crown volume, higher
leaf area index, and larger branch diameters than the CROP ideotype regardless of stocking level.
As a result, COMP ideotype trees had a crown shape that was closer to a parabolic cone while
CROP ideotype trees had a crown shape that could be better described as ovoid.
The desire to apply the ideotype concept to plantation forestry has its merits. Ideally, if a
landowner was in a position where rapid return on investment was desired and a solid fiber and
wood market was well established, the use of a fast growing competitor ideotype would be a
good management choice. If a landowner was in a position where time and markets favored a
longer-term investment, a crop ideotype would be a better decision if indeed branch diameter
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was very small and self-pruned easily. As straight forward as the concept is, results from the
Newton Ideotype Study should provide a cautionary lesson to landowners about the impact of
reducing genetic variation, even in an environment that is appears to be uniform. The complex
interactions of genetics and environment coupled with the long lifespan of loblolly pine make it
difficult to apply the ideotype concept to crown morphology. Many authors have noted the need
to test varietal material to better understand how these genotypes respond to a variety of
environments and silvicultural treatments (Albaugh et al. 2016; Gleed et al. 1995; Li et al. 1991;
McKeand et al. 2006b). Certainly the question of varietal response to deployment on converted
agricultural lands has been raised by the present study and warrants further investigation before
recommending varietal materials to NIPF landowners as a potential stocking material on these
sites. While the ideotype concept may be a good tool for defining potential growth rates and
competitiveness of specific individuals, it may not be the best tool for defining crown
architecture in fast growing improved loblolly pine. Further research is needed to determine if
there may be any environmental causes related to the changes in anticipated crown form for the
CROP ideotype on this site.
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Table 1.1

Ring Widths and Weighted Factors for the LAI-2200 (LI-COR Biosciences Inc.
2016) utilized in the Newton Ideotype Study at age nine in Mississippi.
Ring
1
2
3
4
5

Table 1.2

Width (°)
12.2
12.2
11.8
13.2
13.2

Weighting Factor
0.041
0.131
0.201
0.290
0.337

Mixed Type 3 Model with Contrasts for peak season LAI at age nine for two
varietal loblolly pine ideotypes at two management intensities and three spacings
in Mississippi.

Type 3 Tests of Fixed Effects Peak Season LAI 2016
Effect
Numerator DF Denominator DF F Value Pr > F
Varietal (VAR)
1
9
13.55
0.0051
Management Intensity (MI)
1
9
0.12
0.7346
VAR*MI
1
9
5.52
0.0434*
Spacing
2
23
29.77 <.0001*
Spacing*VAR
2
23
0.16
0.8531
Spacing*MI
2
23
1.68
0.2079
Spacing*VAR*MI
2
23
2.08
0.1476
* Significant effect variation between at least one treatment combination of ideotypes and
management levels at α=0.05.

21

Table 1.3

Effect of varietal and management intensity on average peak season LAI at age
nine for two varietal loblolly pine ideotypes at two management intensities across
three spacings in Mississippi.

Varietal Management Estimate Standard Error DF t Value Pr > |t| Letter
Intensity
Group1
COMP

Intensive

4.8733

0.1740

9

28.00 <.0001

A

COMP

Normal

4.5058

0.1740

9

25.89 <.0001

AB

CROP

Normal

4.2611

0.1817

9

23.45 <.0001

BC

CROP

Intensive

3.7650

0.1740

9

21.63 <.0001

C

1

Letters denote statistically significant effects between combinations of ideotype and management
intensity across spacings at an alpha = 0.05.

Table 1.4

Mixed Type 3 Model with Contrasts for dormant season LAI at age nine for two
varietal loblolly pine ideotypes at two management intensities and three spacings
in Mississippi.

Type 3 Tests of Fixed Effects Dormant Season LAI 2016
Effect
Numerator DF Denominator DF F Value Pr > F
1
9
13.49 0.0051*
Varietal (VAR)
1
9
17.76 0.0023*
Management Intensity (MI)
1
9
0.32
0.5831
VAR*MI
2
23
18.65 <.0001*
Spacing
2
23
0.15
0.8593
Spacing*VAR
2
23
0.05
0.9469
Spacing*MI
2
23
0.85
0.4395
Spacing*VAR*MI
* Significant effect variation between at least one treatment combination of ideotypes and
management levels at α=0.05.
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Table 1.5

Mixed Type 3 Model with Contrasts for the change in peak and dormant season
LAI measurements at age nine for two varietal loblolly pine ideotypes at two
management intensities and three spacings in Mississippi.

Type 3 Tests of Fixed Effects for Change in LAI
Effect
Numerator DF Denominator DF F Value Pr > F
1
9
0.84
0.3843
Varietal (VAR)
1
9
11.26 0.0085*
Management Intensity (MI)
1
9
3.54
0.0925
VAR*MI
2
23
3.14
0.0623
Spacing
2
23
0.22
0.8036
Spacing*VAR
2
23
1.26
0.3029
Spacing*MI
2
23
1.65
0.2148
Spacing*VAR*MI
* Significant effect variation between at least one treatment combination of ideotypes and
management levels at α=0.05.

Table 1.6

Mixed Type 3 Model with Contrasts for crown dimensional measurements at age
nine for two varietal loblolly pine ideotypes at two management intensities and
three spacings in Mississippi.
Type 3 Fixed Effects for Crown Measurements
Crown Length
(feet)

Effect

Crown Width
(feet)

Crown Volume
(ft3)

Num DF Den DF F Value Pr > F F Value Pr > F F Value

Pr > F

Varietal
(VAR)

1

9

16.78

0.0027*

34.00

0.0002*

31.74

0.0003*

Management
Intensity (MI)

1

9

35.15

0.0002*

29.73

0.0004

40.77

0.0001

VAR*MI

1

9

1.05

0.3316

6.04

0.0363

1.01

0.3407

Spacing (S)

2

23

17.97

<.0001* 119.11

<.0001

129.62

<.0001

VAR*S

2

23

0.29

0.7530

0.93

0.4096

7.63

0.0029

MI*S

2

23

2.09

0.1469

13.34

0.0001*

30.38

<.0001*

2
23
0.19
0.8298
0.01
0.9881
0.00
0.9954
VAR*MI*S
* Significant effect variation between at least one treatment combination of ideotypes and
management levels at α=0.05.
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Table 1.7

Effect of management intensity and spacing interaction on mean crown width at
age nine for two varietal loblolly pine ideotypes in Mississippi.

Management Spacing Estimate Standard Error DF t Value Pr > |t| Letter
Intensity
(feet)
Group1
Intensive

16 x 14 17.0537

0.2933

23

58.15 <.0001

A

Intensive

9 x 14

13.9962

0.2933

23

47.72 <.0001

B

Normal

16 x 14 13.7920

0.3110

23

44.35 <.0001

B

Normal

9 x 14

12.5937

0.2933

23

42.94 <.0001

C

Intensive

6 x 14

12.4562

0.2933

23

42.47 <.0001

C

Normal

6 x 14

11.3962

0.2933

23

38.86 <.0001

D

1

Letters denote statistically significant effects between combinations of management intensity and
spacings across varietals of loblolly pine at an alpha = 0.05.

Table 1.8

Effect of management intensity and spacing interaction on mean crown volume at
age nine for two varietal loblolly pine ideotypes in Mississippi.

Management Spacing Estimate Standard Error DF t Value Pr > |t| Letter
Intensity
(feet)
Group1
Intensive

16 x 14 2727.21

85.1186

23

32.04 <.0001

A

Intensive

9 x 14

1672.35

85.1186

23

19.65 <.0001

B

16 x 14 1460.80

90.0684

23

16.22 <.0001

BC

Intensive

6 x 14

1229.49

85.1186

23

14.44 <.0001

CD

Normal

9 x 14

1195.66

85.1186

23

14.05 <.0001

D

Normal

6 x 14

904.98

85.1186

23

10.63 <.0001

E

Normal

1

Letters denote statistically significant effects between combinations of management intensity and
spacings across varietals of loblolly pine at an alpha = 0.05.
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Table 1.9

Mixed Type 3 Model with Contrasts for branch attribute measurements at age nine
for two varietal loblolly pine ideotypes at two management intensities and three
spacings Mississippi.
Type 3 Fixed Effects for Branch Attribute Measurements
Num

Den

Branch Diameter Branch Angle (°)
(inches)
Insertion

Branch Angle (°)
Midpoint

Effect

DF

DF

F Value

Pr > F

F Value

Pr > F

F Value

Pr > F

Varietal (VAR)

1

9

0.21

0.6635

6.61

0.0423

341.43

<.0001

Management
Intensity (MI)

1

9

1.77

0.2318

0.00

0.9840

0.91

0.3638

VAR*MI

1

9

0.80

0.4057

6.11

0.0484*

15.56

0.0034*

Spacing (S)

2

23

0.44

0.6532

10.50

0.0012*

1.09

0.3540

VAR*S

2

23

0.89

0.4314

0.04

0.9561

1.17

0.3292

MI*S

2

23

0.80

0.4650

2.53

0.1107

3.01

0.0693

2
23
0.41
0.6735
0.49
0.6223
2.10
0.1448
VAR*MI*S
* Significant effect variation between at least one treatment combination of ideotypes and
management levels at α=0.05.

Table 1.10

Effect of management intensity and spacing interaction on mean branch collar
angle at age nine for two varietal loblolly pine ideotypes in Mississippi.

Varietal Management Estimate Standard Error DF t Value Pr > |t| Letter
Intensity
Group1
COMP

Intensive

70

0.8913

9

78.26 <.0001

A

COMP

Normal

65

0.9442

9

69.01 <.0001

B

CROP

Normal

51

0.8913

9

57.80 <.0001

C

CROP

Intensive

49

0.8913

9

54.65 <.0001

C

1

Letters denote statistically significant effects between combinations of ideotype and management
intensity across spacings at an alpha = 0.05.
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Table 1.11

Effect of varietal and management intensity interaction on mean branch midpoint
angle across three spacings at age nine for two varietal loblolly pine ideotypes in
Mississippi.

Varietal Management Estimate Standard Error DF t Value Pr > |t| Letter
Intensity
Group1
COMP

Intensive

71

1.1576

9

61.25 <.0001

A

COMP

Normal

66

1.1741

9

56.26 <.0001

B

CROP

Normal

52

1.1576

9

45.23 <.0001

C

CROP

Intensive

48

1.1576

9

41.42 <.0001

D

1

Letters denote statistically significant effects between combinations of ideotype and management
intensity across spacings at an alpha = 0.05.
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Figure 1.1

The LAI-2200 Plant Canopy Analyzer and its use for determining leaf area index
(LAI) for two varietal loblolly pine ideotypes in Mississippi at normal (N) and
intensive (I) management intensities and three spacing levels at age nine.

Figure 1.2

Use of an aerial lift to measure branch diameters and angles on two varietal
loblolly pine ideotypes in Mississippi at normal (N) and intensive (I) management
intensities and three spacing levels at age nine.

27

PEAK LAI
6.00

DORMANT LAI
CHANGE IN LAI

5.00

LAI

4.00

3.00

2.00

1.00

0.00
CR6N

CR6I

CO6N

CO6I

CR9N

CR9I

CO9N

CO9I CR16N CR16I CO16N CO16I

Ideotype by Spacing Level and Management Intensity

Figure 1.3

Comparison of peak and dormant season LAI and change in LAI between seasons
for two varietal ideotypes of loblolly pine under two management regimes and
three spacings in Mississippi in 2016 at age nine.
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Figure 1.4
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Average peak season 2016 LAI measurements by spacing averaged over two
varietals of loblolly pine and two management intensities at age nine in
Mississippi.

Dormant Season LAI

4
3.5
3

3.16 A
2.66 B

2.5
2
1.5
1
0.5
0
CROP

COMP
Varietal

Figure 1.5

Average dormant season 2016 LAI measurements by loblolly pine varietal across
two levels of management intensity and three spacings at age nine in Mississippi.
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Figure 1.6

Average dormant season 2016 LAI measurements by management intensity across
two varietal loblolly pine ideotypes and three spacings at age nine in Mississippi.
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Average dormant season 2016 LAI measurements by spacing across two varietal
loblolly pine ideotypes and two management intensities at age nine in Mississippi.

30

2.50
1.76 A

Change in LAI

2.00
1.12 B

1.50
1.00
0.50

0.00
Intensive
Normal
Management Intensity

Figure 1.8

Average change in LAI between the peak and dormant season of 2016 by
management intensity across two varietal loblolly pine ideotypes and three
spacings at age nine in Mississippi.
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Figure 1.9

Average crown length by loblolly pine varietal across two levels of management
intensity and three spacings at age nine in Mississippi.
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Figure 1.10

Average crown length by management intensity across two varietal loblolly pine
ideotypes and three spacings at age nine in Mississippi.
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Figure 1.11
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Average crown length by spacing across two varietal loblolly pine ideotypes and
two management intensities at age nine in Mississippi.
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Figure 1.12

Average crown width by loblolly pine varietal across two levels of management
intensity and three spacings at age nine in Mississippi.

2500

Crown Volume (ft3)

1835.8 A
2000
1227.7 B

1500
1000
500
0
COMP

CROP
Varietal

Figure 1.13

Average crown volume by loblolly pine varietal across two levels of management
intensity and three spacings at age nine in Mississippi.
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Average branch angle at collar by spacing across two varietal loblolly pine
ideotypes and two management intensities at age nine in Mississippi.
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CHAPTER II
TOP DIEBACK VARIATION RELATIVE TO SITE NUTRIENT STATUS IN LOBLOLLY
PINE BETWEEN TWO GENETIC IDEOTYPES AT AGE NINE IN MISSISSIPPI
Introduction
There are a number of environmental factors that can impact the productivity of
plantation grown pine. Top dieback in fast-growing loblolly pine plantations was first observed
and studied in South Carolina (Clark 1972). In a 4-year old loblolly pine stand, it was observed
that terminals died back and, as a result, one or more lateral branches assumed dominance. The
conclusion was that freeze injury was the most likely explanation for the top dieback. This was
based on the fact that the trees were young and growing well due to good site conditions but may
not have been sufficiently hardened off to resist the impact of cold temperatures (Clark 1972).
Since that time, top dieback occurrences have been observed across the range of loblolly pine
with reports in Florida, Virginia, and Louisiana. Often these plantations bore similarities
between management intensity and genetic component, but otherwise there was no clear cause of
the dieback (South et al. 2002).
Across the southern US, dieback appears to have two seasonal peaks, winter and summer.
The symptoms of winter dieback appear when several warm days follow a hard freeze event
(Hodge and Weir 1993). This suggests that the trees were not prepared for the frost event and
that a lack of terminal hardness left them vulnerable to freeze injury. Another issue that may
contribute to this phenomenon is the practice of breeding coastal selections with selections from
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more interior regions to increase growth without regard to cold tolerances (Jokela et al. 2004).
Cold damage is typically a delayed response that can take several months following the freeze
event to manifest depending on location within the range of loblolly pine (South et al.1993;
South et al. 2002). Necrotic tissue will appear at the apex of the terminal shoot and then spreads
down the terminal. In some instances, it has been noted that the pith has become necrotic and the
necrosis spreads to the needles. In this case, once the growing season begins, new needles may
develop and will appear unaffected and growing normally. Some trees will lose the entire
terminal shoot which will promote lateral buds or branches to express dominance. In general, if
top dieback encompasses the entire terminal portion of the tree, the remaining crown will
develop a bushy appearance.
The symptoms of summer-dieback appear around July and increase over the next few
months. Symptoms develop in a “bottom-up” pattern starting with the needles. As described by
Martin and Blakeslee (1998), the necrosis appears on needle tips first and then progresses down
the fascicle. On each needle, there is a sharp transition from necrotic tissue to living tissue and
the distance from the tip to the transition line is the same on all needles within a given fascicle.
On some trees, the terminal buds die and dry out. By September, the 3rd flush may have 50
percent of the needle length affected while needles on the 5th and 6th flush are symptom free
(Martin and Blakeslee 1998). By mid-November, the 5th and 6th flush will have affected
needles. On a few trees, the terminal growth is deformed and the lateral branches form a “nestlike” appearance (Martin and Blakeslee 1998). To date, it is unknown if there is a relationship
between the photosynthetic temperature and optimum growth in loblolly pine.
There have been few studies looking into the cause or causes of top dieback in loblolly
pine. In a meta-analysis, South et al. (2002), developed six hypotheses to potentially explain top
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dieback in intensively managed loblolly pine plantations. Since there are two types of dieback, it
is hypothesized that dieback is potentially caused by one or more of the following: 1) freeze
injury; 2) Potassium (K) imbalance; 3) Boron (B) deficiency; 4) some other abiotic agent; 5) a
biotic agent; 6) more than one independent factor (South et al. 2002). In order to begin to
understand why top dieback is happening at the Newton site, it is necessary to review these
hypotheses as follows:
Freeze Injury
Winter dieback symptoms might be easily explained by freezing temperatures as
suggested by Clark (1972). The range of low temperatures that cause injury to pines vary with
the amount of warm weather that precedes the freeze (Mexal et al. 1979). The degree of freeze
injury will depend on how many cells in the cambium are actively dividing at the time of the
freeze. An example of winter dieback in Corsican pine (Pinus nigra var. calabrica L.) shows that
injury is more likely to occur when a February freeze of –7° C (19.4°F) follows a mild period
than when a –14° C (6.8°F) freeze follows a cold January (Read 1967). Some loblolly families
can be injured at –5° C (23°F) (Hodge and Weir 1993). One specific genotype common in
loblolly pine tree improvement across the south is well known to exhibit top dieback symptoms
following freeze events (Hodge and Weir 1993; Mexal et al. 1979; Martin and Blakeslee 1998;
South et al. 1993; 2002). Certain individuals related to this genotype are more freeze sensitive
than others (South et al. 1993). On January 26, 1999, the temperature at Auburn, AL dropped to
–7° C (19.4°F) and symptoms were noticed in two intensively managed plantations at the end of
February. Further investigations revealed freeze injury symptoms (brown tissue) under the bark
at breast height (Hodge and Weir 1993; South et al. 2002). Intensively managed plantations of
this same maternal background have also shown top dieback symptoms at other locations. At
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Waycross, GA, temperatures dropped to –7° C (19.4°F) (December 21, 1996) and summer
dieback symptoms were noticed on an intensively managed plantation of the maternal line seven
months later in July (Martin and Blakeslee 1998). This plantation was planted in December,
1995 and, therefore, the trees were about 1.5 years old from planting when symptoms appeared.
Concentrations of macro and micronutrients in the terminal were higher in the affected needles
than in unaffected needles. Symptoms were observed on trees ranging in height from 0.5 to 3.6
m (1.8 to 11.9 feet).
Site related factors may or may not play a role in top dieback. One site factor that is not
apparently linked to this winter dieback phenomenon is soil type (South et al. 2002). However,
there are two nutrient related hypotheses for top dieback in loblolly pine that were proposed by
South et al. (2002) that may be directly related to planting site. Knowledge of site use history
and site specific nutrient status for loblolly pine may be of use for preventing potential losses due
to top dieback. Allen (2001) has proposed south-wide nutrient sufficiency standards for foliar
nutrients to support the rapid growth of improved loblolly pine. Since improved loblolly pine
grows at such a fast rate compared to natural pine (Allen 1987; 2001; Jokela et al. 2004; South et
al. 2002), nutrient deficiencies can often cause issues during plantation growth and development.
Two nutrients, potassium (K) and boron (B), in specific have been linked to top dieback issues in
improved loblolly pine.
Potassium (K) Imbalance
Excessive levels of foliar K found in affected shoots was a common thread for both
winter and summer dieback in the review of potential top dieback mechanisms by South et al.
(2002). In some instances of observed top dieback, the foliar K levels were four to 10 times
higher than normal. Specific parental backgrounds resulted in seedlings whose terminal shoots
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contained high levels of K while lower branches were normal (South et al. 2002) when top
dieback was observed. When foliar K levels in the terminal shoots and branches of unimproved
open-pollinated material that had been treated with the same herbicides and fertilizers as adjacent
planted trees were analyzed, the level of foliar K was within the normal range. The lack of high
K concentrations in the unimproved material indicated a genetic basis for the elevated K levels in
terminal shoots of trees with the susceptible maternal background; likely related to growth rate
(South et al. 2002). At one site, newly planted seedlings of a susceptible maternal background
were fertilized in March, 1996 with 56, 12 and 23 kg/ha (50, 12, and 20.5 lbs./ac) of N, P, and K,
respectively, and summer dieback symptoms appeared in July of 1997. High concentrations of K
were observed in September, 1997 with the mean of symptomatic shoots approaching 24 g/kg
(South et al. 2002). One sample had a value of about 48 g/kg K which is likely a record for
loblolly pine. All elements were above commonly accepted sufficiency levels for loblolly pine
growth (Allen 2001). Although K toxicity is not known to occur in pine trees, fertilization with K
can sometimes increase dieback symptoms (Kurkela 1983). This may be related to an imbalance
of K: Mg ratios or other K ratio imbalances which may impact fast-growing pines (Beets and
Jokela 1994). South et al. (2002) conclude that because high K values in foliage can occur across
a range of soil types, with or without fertilization that freeze injury in the cambial zone may
result in high K values in the shoot potentially due to injury to the phloem tissue which impacts
the tree’s ability to redistribute K entering through the xylem stream.
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Boron (B) Deficiency
Over the past few decades, boron has become a key element of focus for forest
productivity. Typical symptom of B deficiency results in damage to buds and tip dieback and
has been proposed by South et al. (2002) as a potential cause of dieback in loblolly pine. The
pith is often completely brown and dieback symptoms can closely resemble those caused by
pathogens (Stone 1990). Boron related dieback on pines in New Zealand typically occurs in
midsummer following droughts but unusual cases of winter dieback can also occur (Will 1985).
When loblolly pine is planted outside its native range, the addition of B to fertilizer regimes
reduced summer dieback in China (Zhu 1988, Zhou et al. 1997) and reduced winter dieback
symptoms in Africa (Vail et al. 1961, Procter 1967). Adding B to a fertilizer blend does not
always correct top dieback issues in the southeastern U.S. (Clark 1974; South et al. 2002).
Symptomatic materials can range as high as 22 ppm B, well within the sufficiency level for B
(Allen 2001) and non-symptomatic materials can have concentrations of B as low as 5 ppm
(South et al. 2002). This agrees with Stone (1990) who stated that near the minimum end of the
range, concentrations of B in apparently healthy trees may be less than those in visibly deficient
trees as well as a marked unequal distribution of B within pine foliage itself.
Boron is important for lignification of tissue. Non-lignified tissue is more sensitive to
freezes than lignified tissue. It follows that pines which are marginally B deficient can be
damaged by a freeze (Kolari 1983). What is not clear is whether B deficient trees are truly more
susceptible to a freeze or the damage from a freeze simply caused the expression of the B
deficiency (Stone 1990). Boron may also be related to infection rate of certain diseases. Data
from a greenhouse study with Eucalyptus indicated that seedlings were more susceptible to
Lasiodiplodia theobromae ((Pat.) Griffou and Maubl.), a plant pathogen with a very wide host
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range, when B concentrations in the leaves were below 30-35 ppm (Silveira et al. 1996). This
fungus causes rotting and dieback in most species it infects. Many of the intensively managed
plantations were fertilized with N and P before the dieback symptoms appeared. Fertilization of
macronutrients can sometimes induce dieback on low-B soils (Kolari 1983, Brockley 1990,
Stone 1990). In lodgepole pine forests, Brockley (1990) recommended the addition of B to N
fertilizer when the mean foliar concentration was <15 ppm B. If amelioration did not occur,
trees rapidly developed B deficiency symptoms. This resulted in top dieback which then
adversely impacted the overall quality and value of the stem. One industrial forest products
company in the southern U.S. currently uses a fertilizer mix that includes B along with N and P
(South et al. 2002). The development of this fertilizer combination was intended to specifically
target and avoid B deficiency issues in intensively managed loblolly pine. There appear to be
many commonalities between growth disturbances, including B deficiency related top dieback
issues, between U.S. grown loblolly pine and similar instances reported for loblolly pine grown
in Finland. However, in the Finnish occurrences, a higher concentration level of K was not
reported in the shoots (Kolari 1983; Stone 1990). It may be possible that the high levels of K in
loblolly pine foliage may interfere with normal B metabolism (South et al. 2002).
The Abiotic Hypothesis
In addition to freezes and imbalances of B and K, other abiotic causes for dieback have
been proposed by South et al. (2002). There are those who believe loblolly pine may be growing
faster now than in the past due to elevated levels of carbon dioxide (Valentine et al. 1999). Faster
stem growth might be having an effect on the production of short-roots (Dean 2001) that might
affect uptake of certain nutrients. It has been demonstrated that forests alter the electrical
characteristics of the air based on canopy, weather conditions, ozone and hydrogen peroxide
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concentrations, and other site related conditions (Borra et al. 1997). Some propose that these
natural electrical point discharges from the shoot tip can interrupt the hardening process and
increase freeze damage (Aurela and Punkkinen 1983). There are some who postulate that air
pollution may cause dieback (South et al. 2002). Many of these abiotic factors are hard to control
under research conditions in a species as large as loblolly pine and would be difficult to isolate as
a causal factor for top dieback.
The Biotic Hypothesis
There are a number of potential biotic agents that South et al. (2002) propose as potential
contributors to top dieback in loblolly pine. A ubiquitous facultative wound pathogen,
Lasiodiplodia theobromae ((Pat.) Griffon & Maubl.), has been associated with cankers and
dieback of several trees including Cupressus sempervirens L. (Bruck et al. 1990), Eucalyptus
citriodora Hook.(Silveira et al. 1996), Liquidambar styraciflua L. (Garren 1956), Platanus
occidentalis L. (Lewis and van Arsdel 1976) and Albizia falcataria L. (Sharma and Sankaran
1988) as well as other pines, including loblolly (Tangwa et al. 1988; Jolley 2001). This fungus
has been found on slash pine seed in orchards (Fraedrich and Miller 1995) and on seedlings in
loblolly pine and slash pine nurseries (Rowan 1982). This fungus was isolated from winterdieback trees in South Carolina and Georgia and it was determined that inoculations caused
dieback of 2-year-old loblolly pine seedlings (Jolley 2001). Secondary fungi including
Sphaeropsis sapinea (Fr.) Dyko & B. Sutton, which causes Diplodia leaf blight, may be
associated with dieback of loblolly that has been introduced into China (Su et al. 1991),
however, loblolly pine is generally more resistant to this vectored fungus than other pines (Bega
et al. 1978, Swart et al. 1988). Secondary insects are occasionally associated with winter dieback
symptoms include Scolytid twig borers (Pityophthorus pulicarius Zimmerman) (Clark 1972).
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Stress from a variety of factors may play a role in allowing secondary pathogens to contribute to
top dieback in loblolly pine. Whether or not they are causal to or resultantly stimulated by the
top dieback is unknown.
The Two-factor Hypothesis
Due to the difference in symptom development for winter and summer dieback (“topdown” vs. “bottom-up”), South et al. (2002) hypothesize that it would not be surprising if two
independent vectors were involved. It is possible that winter dieback is a function of freeze
injury as suggested by Clark (1972). The combinations of rapid shoot growth followed by warm
falls would likely increase the susceptibility of certain genotypes to injury from a –5° C (24°F)
freeze (Hodge and Weir 1993). Freeze injury would likely increase the rate of infection from
Lasiodiplodia theobromae ((Pat.) Griffon & Maubl.) while adjacent genotypes without freeze
injury would not be infected. In contrast, summer dieback symptoms appear to be less common
and may be restricted to certain soil groups. Summer dieback might be due to an imbalance of
nutrients resulting from either fertilization with only macronutrients, an imbalance between K
and B, or perhaps an inadequate production of short feeder roots. Whatever the case, it appears
that top dieback is a complex issue with potentially multiple causation factors.
The complex issue of top dieback was first noted at the Mississippi Agriculture and
Forestry Extension Service (MAFES) Coastal Experiment Station in Newton, MS in 2014.
During routine measurements of a varietal ideotype study, it was noted that there were a large
number of trees on the site with dead or dying terminals (Figure 2.1). Further inspection of the
trees revealed several individuals with visual evidence of previous top dieback. Building off the
review of possible causes for the top dieback by South et al. (2002), several potential sources
were identified. The objective of this study was to investigate the role of nutrients and their
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potential imbalance as the most likely cause of top dieback due to the past and current
agricultural use history at the study location. There are several questions to be addressed by this
research. Is there a difference between the two varietal ideotypes with respect to the frequency of
top dieback occurrence? Will there be a difference with respect to soil nutrient content between
blocks within the study area? Is there a statistical relationship between any particular nutrient
and the presence of top dieback? Is there a difference in foliar nutrient levels and the sufficiency
levels for loblolly pine growth established by Allen (2001) between the two varietal ideotypes?
Methods
The study was established in 2008 at Mississippi State University’s Coastal Plain Branch
MAFES Station near Newton, MS (32° 20.19’N, 89° 05.51’W). Average precipitation at Newton
is around 56 inches per year with an average annual temperature of 63° F (range 50.1° F to 75.5°
F). Soils on the site are coarse-loamy, siliceous, semi-active, thermic Glossic Fragiudults of the
Prentiss series. The history of this site includes agricultural production resulting in a defined Ap
soil horizon. For many decades, the Coastal Experiment Station was the site of a dairy
production herd. When the herd was reduced and relocated to other stations, the grounds were
converted to row crop production, predominately soybeans (Glycine max L.), maize (Zea mays
subsp. Mays L.), and sorghum (Sorghum bicolor L.), in rotation. These crops are managed
intensively on an annual basis especially in terms of nutrient and pest management. The current
pine research blocks, while not in direct contact with agriculture on all sides, have annual crops
grown between blocks 2 and 3 and adjacent to the eastern-most plots in all blocks. Pre-plant
treatments included a broadcast application of Glyphosate (64 ounces/ac) and 14-inch subsoil
tillage in the fall of 2007. A second application of Glyphosate (32 ounces/ac) was applied in
March of 2008 prior to hand planting of containerized seedlings between April and May of 2008.
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The study was set up as a generalization of a split plot design with two main plot factors,
each at two levels and on subplot factor with three levels. The overall design had four
replications. This generalized split plot model has two main effect treatments -- two genetic
varieties of loblolly pine and two levels of management intensity – which were assigned to the
main plot unit as a combination treatment. Each main plot treatment area was further split into
three subplot units with different initial planting spacing levels. Trees within the spacing subplots
were planted in 64 tree blocks (8 rows x 8 trees). Two varietal genotypes of loblolly pine,
produced by ArborGen, LLC, were used in this study. These two varietals were related through
the female parent. The competitor ideotype (COMP) was considered to be characterized by a
wider crown form, while the crop tree ideotype (CROP) was considered to have a narrower,
compact crown form. The two levels of management included normal intensity (N) and intensive
(I). All plots received an additional herbaceous competition control treatment in year one
through a broadcast application of Oustar® (10 ounces/ac). The intensive management plots
were treated with additional competition control and pesticide applications. These applications
included pest control targeting Nantucket pine tip moth (Rhyacionia frustrana Comstock) in the
form of a single 20 mg SilvaShield™ tablet (Bayer Environmental Science) in the planting hole
at time of planting, PTM™ insecticide (BASF Corp.) injected three to six inches deep in the soil
adjacent to each tree (0.05 ounces active ingredient per tree) in years two and three for additional
tip moth control. The site has had issues with several other pests and diseases such as redheaded
pine sawfly (Neodiprion lecontei Fitch) and a consistent fusiform rust (Cronartium quercuum sp.
Fusiforme Cqf.) and pine needle rust (Coleosporium asterum Dietel) problems since
establishment in 2008. Herbaceous competition control was applied in year two (1 ounce/ac of
Escort®, 16 ounces/ac Arrow®, 32 ounces/ac Goal®) and mowing of competing vegetation
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occurred in year three. The three subplot units were planted in spacing configurations of 6 x 14
feet (84ft2/t or 519 TPA), 9 x 14 feet (126ft2/t or 346 TPA) and 16 x 14 feet (224ft2/t or 194
TPA).
The occurrence of top dieback was recorded between 2015 and 2016 during annual
growth measurements. Weather data from 2014, 2015 and 2016 for the site were collected from
NOAA to determine if there were any recorded temperature extremes that may have triggered
winter top dieback. In an attempt to determine a potential site related cause or causes of the top
dieback, soil samples were collected from each subplot and pooled by main plot and additionally
pooled by block for analysis for a total of 20 composite samples for the site in early 2017. Soil
samples were to be collected from the top 12 inches of mineral soil in groups of three samples
per subplot and pooled together by main plot in the field. Once back at the lab, the main plot
sample was ground and sieved to collect the final processing sample. The soil left over from
each main plot was then combined by block for a block level soil analysis. Two sets of foliage
samples were also collected during the dormant period in each subplot and pooled by main plot.
In each collection, foliage samples were taken from the upper 1/3 of the crown on the south side
of 5 trees per ideotype by management intensity combination. One set of samples were collected
from trees that have been observed to have top dieback in at least two sequential growing
seasons. The other set of samples were collected from trees of similar height and diameter
distribution but had not exhibited top dieback for at least two growing seasons and were adjacent
to the sample trees showing repeated top dieback. This provided a comparison of 32 paired
composite samples for the site. The soil and foliage samples were sent to Waters Agricultural
Laboratory for Melich III extraction of Nitrate Nitrogen, P, K, Ca, Mg, S, B, Mn, Cu, and Zn.
The results of the soil and foliar nutrient analyses were used to look for deficiencies and/or
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toxicities that might account for the top dieback at this site. Further comparisons of foliar
nutrients to the foliar sufficiency standards for loblolly pine proposed by Allen (2001) were also
used to determine any potential imbalance issues at this site.
Analysis
Frequency of top dieback by ideotype and spacing was analyzed using PROC GLIMMIX
to generate occurrence ratios for comparison and means tests using LS MEANS (SAS-Institute
2012) with a critical value of alpha=0.05. The PROC GLIMMIX model assumes that Yijkl is a
binary outcome variable (e.g. the tree has top dieback or a healthy top) and follows the Bernoulli
distribution, Yijkl ~ Bin (1, π) (Dai et al. 2006; Hosmer and Lemeshow, 2000). For the purpose of
analysis, Yijkl is equal to 𝜌𝑖𝑗𝑘𝑙 , a ratio of trees with top dieback (Xijkl) over total number of trees in
the measurement plot (nijkl). Equation 2.1 is the model used by PROC GLIMMIX for analyzing a
generalized split plot design with two main plot factors:
𝜌𝑖𝑗𝑘𝑙 =

𝑋𝑖𝑗𝑘𝑙
𝑛𝑖𝑗𝑘𝑙

= 𝜇 + 𝛼𝑖 + 𝛽𝑗 + (𝛼𝛽)𝑖𝑗 + 𝛿𝑙 + 𝜀(𝑖𝑗)𝑙 + 𝛾𝑘 + (𝛼𝛾)𝑖𝑘 + (𝛽𝛾)𝑗𝑘 + (𝛼𝛽𝛾)𝑖𝑗𝑘

Where:
𝑋𝑖𝑗𝑘𝑙 ~𝐵𝑖(π𝑖𝑗𝑘𝑙 , n𝑖𝑗𝑘𝑙 )
𝛿𝑙 ~𝑁(0, 𝜎𝛿2 ) i.i.d.

Independent

2
𝜀(𝑖𝑗)𝑙 ~𝑁(0, 𝜎(𝑖𝑗)𝑙
) i.i.d.

Where:
i is the genotype (i = 1, 2),
j is the management intensity (j = 1, 2),
k is the spacing level (k = 1, 2, 3),
l is the block (l = 1, 2, 3, 4), and
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(2.1)

ρijkl is the probability of top dieback for genotype i of management intensity j and spacing level k
conditional on the block l as a ratio of trees observed with top dieback (Xijkl) divided by the total
number of trees within a subplot (nijkl).
The two main plot factors are nested within block which is shown in the equation
notation as subscripts (ij)l. The error term ℇ(ij)l is a compound term made up by the errors due to
the interactions of genotype by block, management intensity by block, and genotype by
management intensity by block. Unlike the mixed effects model for a generalized split plot
design with two main plot factors (Equation 2.2), the model used by PROC GLIMMIX does not
have a secondary error term to account for interactions of spacing level with the higher order
terms. It is a logistic mixed model, because the link function is logit, and thus, a member of the
family of generalized linear mixed models (Dai et al. 2006). Further analysis of any nutrient
related issues will use a mixed models approach modified for the split plot design with two main
plot factors (PROC MIXED; SAS-Institute 2012)(Equation 2.2). Significant results will be
further analyzed by LS MEANS tests to determine treatment differences based on a critical value
of alpha=0.05.
𝑌𝑖𝑗𝑘 = 𝜇 + 𝛼𝑖 + 𝛽𝑗 +(𝛼𝛽)𝑖𝑗 + 𝛿𝑙 + 𝜀(𝑖𝑗)𝑙 + 𝛾𝑘 + (𝛼𝛾)𝑖𝑘 + (𝛽𝛾)𝑗𝑘 + (𝛼𝛽𝛾)𝑖𝑗𝑘 + 𝑒(𝑖𝑗𝑘)𝑙
Where:
𝛿𝑘 ~𝑁(0, 𝜎𝛿2 ) i.i.d.
𝜀(𝑖𝑗)𝑙 ~𝑁(0, 𝜎𝜀2 ) i.i.d.

Independent

𝑒𝑖𝑗𝑘𝑙 ~𝑁(0, 𝜎 2 ) i.i.d.
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(2.2)

Where:
i is the genotype (i = 1, 2),
j is the management intensity (j = 1, 2),
k is the spacing level (k = 1, 2, 3),
l is the block (l = 1, 2, 3, 4), and
Yijk is the overall response for genotype i of management intensity j and spacing level k.
Nutrient content breakdown for the foliar and soil samples involved several different
methods of analysis. For the soil samples, which were collected across the combination of
varietal and management intensity using blocks as replications, was analyzed using a mixed
model GLM (PROC GLM; SAS-Institute 2012) (Equation 2.3) to determine if there is a
difference in nutrient concentration between main plot factors for Nitrate Nitrogen, P, K, Ca,
Mg, S, B, Mn, Cu, and Zn.
𝑌𝑖𝑗𝑘 = 𝜇 + 𝛼𝑖 + 𝛽𝑗 +(𝛼𝛽)𝑖𝑗 + 𝑒𝑖𝑗𝑘

(2.3)

Where:
𝑒𝑖𝑗𝑘𝑙 ~𝑁(0, 𝜎 2 ) i.i.d.
Where:
i is the genotype (i = 1, 2),
j is the management intensity (j = 1, 2),
k is the number of replications (k = 1, 2, 3, 4), and
Yijk is the overall response for genotype i of management intensity j and replication k.
Comparisons of the foliar sample nutrient content analysis for Nitrate Nitrogen, P, K, Ca,
Na, S, B, Mn, Cu, and Zn were analyzed for effects related to block and main plot factors of
varietal and management intensity. Comparisons of foliar nutrients were also differentiated
55

between trees with top dieback and those with no top dieback for at least 2 years to determine
any potential relationship between top dieback and nutrient changes between symptomatic and
asymptomatic trees (Equation 2.4). Further comparisons were drawn against the sufficiency
levels of each nutrient given by Allen (2001) to determine if any given nutrient was limiting or in
excess on the site using a combination of a MEANS pairwise t tests and a mixed model GLM
procedure (PROC MEANS; PROC GLM; SAS-Institute 2012) (Equation 2.3).
𝑌𝑖𝑗𝑘 = 𝜇 + 𝛼𝑖 + 𝛽𝑗 +(𝛼𝛽)𝑖𝑗 + 𝛿𝑙 + 𝛾𝑘 + (𝛼𝛾)𝑖𝑘 + (𝛽𝛾)𝑗𝑘 + (𝛼𝛽𝛾)𝑖𝑗𝑘 + 𝑒𝑖𝑗𝑘𝑙

(2.4)

Where:
𝛿𝑘 ~𝑁(0, 𝜎𝛿2 ) i.i.d.
𝑒𝑖𝑗𝑘𝑙 ~𝑁(0, 𝜎 2 ) i.i.d.

Independent

Where:
i is the genotype (i = 1, 2),
j is the management intensity (j = 1, 2),
k is the observation of dieback (k = 1, 2),
l is the block (l = 1, 2, 3, 4), and
Yijk is the overall response for genotype i of management intensity j and observation of dieback
k.
For all analyses, ideotypes are indicated by the following abbreviations, Crop Ideotype
(CROP) or Competitor Ideotype (COMP). Management level is indicated by the following
abbreviations, Normal Management Level (N) or Intensive Management Level (I). Spacing
within row is indicated by 6 (6 x 14), 9 (9 x 14) or 16 (16 x 14). Notations of dieback will be
either ‘dieback’ (DBK) for symptomatic trees or ‘normal’ for asymptomatic trees.
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Results
Loblolly pine has an indeterminate growth pattern. This means that as long as the
environmental conditions allow for growth, this species will continue to grow. Winter
temperatures near Newton, MS are fairly mild, allowing for potential growth to continue during
the ‘dormant’ season. A review of the temperature extremes for Newton for each month of the
dormant season for the years of 2014, 2015, and 2016 revealed several periods where high
temperatures were immediately followed by freeze events (Figure 2.2). This provides some
evidence for a potential cause of top dieback for this specific study but cannot be conclusive
without further investigation.
At the beginning of this investigation there was the question if there would be any
difference between varietal ideotypes with respect to the frequency of top dieback occurrence.
Analysis of the relationship between top dieback in two loblolly pine ideotypes were broken
down by the factors of management intensity and spacing level in Tables 2.1 and 2.2. At age
eight, the interaction of varietal, management intensity, and spacing interacted to significantly
affect top dieback frequency in the loblolly pine genotypes in the Newton Ideotype study (Table
2.1). At age nine, varietal, management intensity, and spacing were significant and independent
with respect to top dieback frequency (Table 2.1). In general, when reviewing the mean top
dieback by ideotype and management intensity combined with spacing in Table 2.2, a trend
develops. On average, the CROP ideotype had a higher rate of top dieback across management
and spacing levels ranging from 23% to 58% at age eight and 26% to 54% at age nine compared
to the COMP iedotype with a range at age eight of 2% to 20% and age nine of 7% to 28% for the
COMP ideotype. Wider spacing also increased the likelihood of top dieback for both varietals
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on this site. Increasing management intensity appears to increase the occurrence of top dieback
for both ideotypes.
The question of potential differences with respect to soil nutrient content between blocks
within the study area was addressed first. Soil analysis using PROC MEANS pairwise t test
(SAS-Institute 2012) revealed varietal and management intensity significantly affected
concentrations of soil P, K, Mg, Ca, S, B, Zn, Mn, Fe, and Cu (Tables 2.3 and 2.4). Nitrate N
was not significantly affected by any combination of ideotype and management level (Tables
2.3). The concentration of soil Mn was not significantly affected under intensive management in
combination with either ideotype (Table 2.4).
The final questions were those that centered on nutrient uptake and potential deficiencies
or toxicities that might account for top dieback in either or both of the loblolly pine ideotypes
under varying management intensity imposed. It was believed that foliar nutrient levels will not
differ between varietal ideotypes and management regimes. Comparisons were drawn between
the combinations of ideotype and management intensity, not only for nutrient content alone but
also for any correlation to top dieback. The analysis of foliar nutrients between ideotypes and
management intensities yielded some unexpected results. Nitrate N concentration (%) differed
significantly between loblolly pine varietals during the dormant season (Table 2.5). The
occurrence of top dieback in loblolly pine for the Newton Ideotype Study was significantly
related to the level of dormant season foliar Fe concentration (ppm) (Table 2.6).
With the issue of top dieback observed at the Newton Ideotype Study, the question of
potential deficiencies of essential macro and micronutrients based on the guidelines was
addressed using the sufficiency levels for loblolly pine growth established by Allen (2001)
(Table 2.7). In almost every combination of ideotype by management intensity for each of the
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macro and micronutrients analyzed, some level of significance was established. The connection
to top dieback was also established in many instances. Dormant season foliar Nitrate N (Table
2.8), P (Table 2.9), K (Table 2.10), Mg (Table 2.11), and Ca (Table 2.12) concentrations varied
significantly across all levels of ideotype, management intensity, and observed dieback than the
corresponding sufficiency levels for loblolly pine. Nitrate N concentrations were significantly
lower than the southwide standards (Figure 2.3). The concentrations of K, Mg, and Ca were
significantly higher than the southwide standards (Figure 2.4). Variation in dormant season foliar
P levels were significantly different in the CROP ideotype in trees under normal management
intensity with top dieback with respect to the sufficiency levels of phosphorous reported for
loblolly pine (Table 2.9). The COMP ideotype had significantly higher levels of dormant season
foliar P under normal management intensity regardless of top dieback occurrence with respect to
the sufficiency levels reported for loblolly pine. Levels of dormant season foliar P were
significantly higher in the CROP ideotype in trees under intensive management with top dieback
symptoms with respect to the sufficiency levels of phosphorous reported for loblolly pine (Figure
2.5). Levels of dormant season foliar S (%) varied significantly across combinations of varietal,
management intensity, and spacing in relation to top dieback (Table 2.13). With respect to the
sufficiency levels of S reported for loblolly pine, all foliage samples from Newton were
significantly lower overall but with some variation among individual treatment combinations
(Figure 2.6). The These results demonstrate a potential stress issue at the Newton site with
respect to macronutrient interactions with the two loblolly pine ideotypes which may in-turn
impact the occurrence of top dieback.
Further analysis using a mixed model approach to a modified split plot design determined
that approximately 88% of the total variation in top dieback at the Newton site for loblolly pine
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can be attributed to an effect of nitrate concentration (%) when the full model is applied to the
data (Table 2.14). Varietal by management intensity interaction nested in block differed
significantly with respect to the mean dormant season foliar nitrate concentration at the Newton
study site when compared to the south-wide sufficiency standard for nitrate N for loblolly pine
(Table 2.14). Blocks significantly affected the mean dormant season foliar P (Table 2.15) and Ca
(Table 2.16) concentrations (%) at the Newton study site when compared to the south-wide
sufficiency standard for phosphorous for loblolly pine. There was no significant variation
between the dormant season foliar concentrations of K, Mg, or S (%) when compared to the
corresponding south-wide sufficiency baseline standards for loblolly pine.
Means analysis of dormant season foliage for specific micronutrients also demonstrated
issues that may impact the growth and development of the two ideotypes of loblolly pine planted
at the Newton site. Levels of dormant season foliar B (ppm) varied significantly across all levels
of ideotype, management intensity, and observed dieback than the boron sufficiency levels for
loblolly pine reported by Allen (2001) (Table 2.17). Foliar B was significantly lower across all
treatment combinations in comparison to the southwide standards (Figure 2.7). Concentrations of
dormant season foliar Zn (Table 2.18) and Mn (Table 2.19) (ppm) also varied significantly
higher across all levels of ideotype, management intensity, and observed dieback than the
corresponding sufficiency levels for loblolly pine. Both micronutrients were significantly higher
with respect to the southwide sufficiency standard across all treatments (Figures 2.8 and 2.9).
Levels of dormant season foliar Fe (ppm) were significantly higher in the CROP ideotype in
trees with no top dieback under normal management with respect to the sufficiency levels of Fe
reported for loblolly pine (Table 2.20). Overall, foliar Fe was significantly higher than the
southwide sufficiency standard across all treatment combinations (Figure 2.10). Trees with no
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symptoms of top dieback under intensive management for both the CROP and COMP ideotypes
had the highest concentrations of Fe, thought statisticallied tied to all other treatment
combinations (Figure 2.10). Levels of dormant season foliar Cu (ppm) were not significantly
different with respect to the sufficiency levels for Cu across all levels of ideotype, management
intensity, and observed dieback.
Approximately 91% of the total variation in B concentration (ppm) at the Newton
Ideotype Study site for loblolly pine can be attributed to the interactions of the full model (Table
2.21). Furthermore, blocks significantly affected the mean dormant season foliar B
concentration when compared to the south-wide sufficiency standard for B for loblolly pine. The
occurrence of top dieback was significantly affected by the mean dormant season foliar Zn
concentration (ppm) when compared to the south-wide sufficiency standard for Zn for loblolly
pine (Table 2.22). Blocks significantly affected the mean dormant season foliar Mn
concentration (ppm) when compared to the south-wide sufficiency standard for Mn for loblolly
pine (Table 2.23). The occurrence of top dieback significantly affected the mean dormant season
foliar Fe concentration (ppm) when compared to the south-wide sufficiency standard for Fe for
loblolly pine (Table 2.24). Furthermore, approximately 85% of the total variation in Fe
concentration (ppm) at the Newton Ideotype Study site for loblolly pine can be attributed to the
interactions of the full model. There was no significant variation between the dormant season
foliar concentration of Cu (ppm) and the south-wide sufficiency baseline standard for loblolly
pine.
Discussion
Several authors have indicated that temperature extremes may have played a role in top
dieback in juvenile loblolly pine (Hodge and Weir 1993; Mexal et al. 1979; Martin and
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Blakeslee 1998; South et al. 1993; 2002). Climatic data for the area of Newton, MS indicate
several periods of freezing temperatures that may potentially have triggered susceptibility to
freeze related top dieback with relation to the trees at Newton. There were several periods of
high temperatures during fall and winter months which would have prevented the trees from
fully entering dormancy. These days were followed by freeze events lasting anywhere from a
single day to multiple days and then returned to high temperatures once again. These
fluctuations in temperature for the years of 2014, 2015, and 2016 would support the concept that
the trees at Newton did not have adequate cold hardening to resist freeze damage. Many
observations of top dieback in loblolly pine, for both winter and summer symptoms, show that
the probability of occurrence in intensively-managed plantations is highest 2 to 5 years after
planting and then appears to decline with age. These studies (Bodner 1988; Hodge and Weir
1993; Rowan 1992; Su et al. 1993) suggest that as plantations age, obtain a larger stature, and
competition increases, the incidence of dieback decreases (South et al. 2002). This has not been
the case with the Newton Ideotype Study where top dieback has continued annually through age
nine and is becoming more pronounced as the stand matures. From the current data it appears
that the continued occurrence of top dieback is not declining but instead is either at a fairly
steady state or increasing in some combinations of ideotype by management intensity. The
dieback symptoms appear to occur mainly in the winter months but observations of summer
dieback have also been made at this site during 2016. In either case, the data indicate that there
is something at this site in particular that is causing top dieback in these two ideotypes of loblolly
pine. The weather data collected from Newton, MS for the years of 2014, 2015, and 2016 show
periods of mild or even unseasonably high temperatures followed by freezing periods. The
interaction of spacing, management intensity and varietal was shown to significantly affect the
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occurrence of top dieback in loblolly pine in 2015 and 2016 with rates in 2016 higher overall
than in 2015. These freeze-thaw periods of temperature fluctuation have been demonstrated to
cause injury to pines and the extent of the injury is most likely related to how many cells in the
cambium are actively dividing at the time of the freeze (Clark 1972; Martin and Blakeslee 1998;
Mexal et al. 1979; South et al. 1993). South et al. (2002) note that because high K values in
foliage can occur across a range of soil types, with or without fertilization, that freeze injury in
the cambial zone may result in high K values in the shoot potentially due to injury to the phloem
tissue which impacts the tree’s ability to redistribute K entering through the xylem stream. In the
current study, all levels of ideotype by management intensity by stocking level had elevated
foliar K concentrations when compared to the sufficiency standard. This may be a contributing
factor to top dieback at this site. Overall, it is possible that these temperature extremes are
affecting top dieback in combination with other factors as part of the ongoing issue at Newton.
The susceptibility of loblolly pine to top dieback is observed to be more prevalent in
faster growing improved loblolly pine materials such as those planted at the Newton Ideotype
Study (Hodge and Weir 1993; Martin and Blakeslee 1998; South et al. 2002). One individual
parent used in many tree improvement programs south-wide often shows both winter and
summer dieback symptoms on certain sites (Hodge and Weir 1993; South et al. 2002). This
individual is the maternal parent of both ideotypes at the Newton Study and may contribute a
genetic component to the susceptibility of trees in this study to top dieback. On average, the
CROP ideotype has a higher rate of top dieback across management and spacing levels than the
COMP ideotype. As the incidence of developing top dieback in the COMP ideotype does not
appear to be developing or worsening at the same rate as the CROP ideotype and appears to be
maintaining fairly steady levels between age eight and age nine. Incidents of top dieback in the
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normal management intensity appeared to increase on average at age nine. As these two
varietals share the maternal parent, these data provide evidence that the genetic contribution of
the male parent was beneficial in providing resistance to top dieback in the case of the COMP
ideotype. It appears that the genetic makeup of the CROP ideotype was not as successful in
providing a level of genetic resistance to the factors affecting top dieback on this site. This type
of genetic influence is seen in loblolly pine breeding programs where resistance to diseases such
as fusiform rust are evaluated (Quesada et al. 2014).
The study site itself appears to be a contributing factor to top dieback in this trial. It was
anticipated that there would be no difference in soil nutrient content between blocks within the
study area when the study was established in 2008. The Prentiss series soil on this site had a 1%
slope running from north to south through all four blocks of the study. While no significant
differences were observed for soil nutrient content analysis, Block 2 did present lower overall
mean macro and micronutrient concentration than other blocks within the study. The
juxtaposition of the agricultural areas to the Newton ideotype study may be the reason that Block
2 was lower in most macro and micronutrients than the other blocks but the effect was not
significant. Nutrient runoff has been shown to impact adjacent tree growth and development
(Bennet et al. 2015; Croke et al. 2000). Block 2 was buffered from agricultural runoff by Block 1
and an agroforestry study to the north and would be higher in the topography than either Block 3
or Block 4, both of which would intercept runoff from crops planted between Blocks 2 and 3 and
from those planted adjacent to Block 4.
Wider spacing appears to increase the likelihood of top dieback for both varietals. An
increase in management intensity also appears to increase the occurrence of top dieback for both
ideotypes. This may be due in part to the action of the competing vegetation acting as a sink for
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many of the nutrients that may be in excess on the site. The presence of competing vegetation in
pine plantations has been well established as a nutrient sink (Carter et al. 1984; Swindel et al.
1988; Shan et al. 2001; Adegbidi et al. 2002; Jokela et al. 2010; Vogel et al. 2011). The
intensive management plots were essentially weed-free at the time of these observations while
many of the normal management plots were completely occupied by herbaceous and woody
competition, especially in the widest plot spacing, at age nine. Between age eight and age nine,
canopy closure began to reduce levels of competing vegetation in the normal management plots
and may be related to the slight increase in top dieback observed at age nine. These factors may
be tied to the retention or absence of inter-species competition and their impact on nutrient
availability and uptake by the loblolly pine.
The last component of the analysis was to determine potential deficiencies or toxicities of
macronutrients and micronutrients on the site that may impact top dieback in loblolly pine.
Dormant season foliar analysis provided a starting point for specific nutrient relationships
observed at the Newton site and their potential impact on top dieback for the two ideotypes
deployed in this study. Initially, this study set out to determine if there were any significant
differences in dormant season foliar nutrient levels between varietal ideotypes. Tying into that
question was the comparison between foliar nutrient concentrations in each ideotype compared
to the sufficiency levels of each nutrient for genetically improved fast growing loblolly pine
based on Allen (2001). Analyses of macronutrients in relation to ideotype, management
intensity, and the occurrence of top dieback provided some details to the picture of what is
occurring at the Newton site with respect to top dieback. Nitrate concentration accounted for
approximately 88% of the total variation in top dieback and the interaction of varietal by
management intensity nested in block was significant. Foliar nitrate N (%) is significantly
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greater in the COMP ideotype as anticipated due to the growth parameters and expectations that
define this ideotype (Cannell 1978). With respect to top dieback occurrences, the foliar
concentration of the nutrient Fe was weakly correlated to top dieback for both ideotypes.
When the foliage samples were compared to the south-wide nutrient sufficiency
guidelines for optimum growth of loblolly pine, the results created a larger picture of the
potential issues leading to top dieback on the Newton site. Overall, all pairwise tests indicated
significant differences between treatment combinations for all macronutrients. In general,
pairwise tests of the concentrations of nitrate N, P, and S were all significantly lower than
sufficiency levels across all combinations of ideotype, management intensity when dieback was
observed. In the southeastern U.S. it is well understood that plant available P is usually deficient
owing to its interaction with Fe and Al found in many soils in the region (Wells et al. 1973;
Havlin et al. 2004). The concentrations of foliar K, Mg, and Ca were significantly higher than
the southwide standards. As the block variable was significant with respect to the mean foliar
concentration of both P and Ca when compared to the south-wide sufficiency standards given by
Allen (2001), it is possible that the past management of these macronutrients on this site as well
as the current nutrient management in the adjacent cropland is impacting specific blocks within
the study area. The occurrence of multiple macronutrient excesses, likely in situ and maintained
through runoff from adjacent agricultural production may be a potential source of stress to the
loblolly pine growing at the Newton site.
Observations of dormant season foliar micronutrient concentrations showed both
deficiencies and potential toxicity issues for the Newton site. Overall, all pairwise tests indicated
significant differences between treatment combinations for all micronutrients. Boron (B) is often
an essential micronutrient that is in short supply for loblolly pine across the south (Allen 1987;
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2001; Jokela et al. 2004). Dieback was significantly correlated to B concentration in this study.
The concentration levels of dormant season foliar B (ppm) were significantly lower across all
levels of ideotype, management intensity, and observed dieback than the B sufficiency levels for
genetically improved fast growing loblolly pine. This supports the “Boron Deficiency
Hypothesis” from South et al. (2002) as a potential factor in top dieback at this site. Again, as
with some of the macronutrients, the block effect was significant for mean dormant season foliar
B concentration when compared to the south-wide sufficiency standard for boron given by Allen
(2001) for loblolly pine. This would imply a potential relationship with the adjacent agricultural
practices at this site.
Other micronutrients were determined play a potential role in the top dieback issue
observed in this ideotype study. Manganese (Mn) is important in oxidation and reduction
processes in plants, such as electron transport in photosynthesis (Mousavi et al. 2011). This
micronutrient is also important for chlorophyll production, photosynthesis efficiency,
carbohydrate synthesis, and is essential in Photosystem II. Manganese acts as an activating factor
for more than 35 different enzymes and plays metabolic roles in nitrate-reduction and
carbohydrate metabolism (Mousavi et al. 2011). The form of Mn available for uptake and
transfer is Mn2+ (Havlin et al. 2004). Transfer of Mn in the meristematic tissues gradual and
typically apical shoots have higher concentrations of Mn than other plant structures (Mousavi et
al. 2011). An excess of Mn was found when compared to the sufficiency standards given by
Allen (2001) for loblolly pine across all comparisons of ideotype, management intensity, and
observed dieback. The dormant season foliar level of Mn (ppm) was, on average, 15.5 times
higher than the sufficiency level for loblolly pine, which may lead to an issue of toxicity.
Manganese toxicity could be a contributing stress factor to the site leading to the gradual
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increase in top dieback for both ideotypes at Newton (El-Jaoual and Cox 2008; St.Clair and
Lynch 2005; Fernando and Lynch 2015). Manganese is frequently an abundant constituent of
soils, but its low solubility at neutral and alkaline pH prevents excessive uptake by plants (Havlin
et al. 2004). Therefore, Mn toxicity is nearly always associated with acid soils. Waterlogging
may also induce or exacerbate manganese toxicity, as anaerobic conditions cause higher oxides
of Mn to be reduced to plant-available Mn2+. The Newton site, in particular, is subject to periodic
soil saturation and drying periods that in combination with its acidic nature, may lead to Mn
mobilization on this site. Manganese is also a component of some fungicides, and may
accumulate through repeated use of these fungicides, especially to crops grown on sandy soils
(O’Sullivan et al. 1997). Many of the crop species grown adjacent to the study site use
fungicides known for their high Mn concentrations and subsequent label warnings for annual
row crops (O’Sullivan et al. 1997). Manganese toxicity in plants is often not a clearly
identifiable disorder (El-Jaoual and Cox 2008; Fernando and Lynch 2015). El-Jaoual and Cox
(2008) note that the symptoms of Mn toxicity as well as the concentration of Mn that causes
toxicity varies widely among plant species and varieties within species. This may be due to the
involvement of the various photochemical pathways between plant genotypes and the impact of
the phytotoxic mechanisms of Mn on those systems. From the symptoms and data analysis at the
Newton site, it is possible that fungicide use on adjacent agricultural areas may have contributed
to a buildup of Mn in the soil. When combined with an acidic soil and frequent overland flow
instances during the growing season due to multiple and/or heavy rainfall events and
permeability issues of the Ap horizon of the Prentiss soil, it is not unreasonable to suspect that
there is potential for higher uptake by the adjacent pine stands. It can further be postulated that
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the COMP ideotype was genetically better equipped to deal with the excessive Mn than the
CROP ideotype.
In plants, Zinc (Zn) is a core constituent of many enzymes and proteins. It plays an
important role in a wide range of processes, such as growth hormone production and internode
elongation. In the case of top dieback, this element’s role in internode elongation and growth
hormone production may be impacted. The excess Zn concentration, in particular, was
significantly correlated to the occurrence of top dieback in loblolly pine on this site. In a study of
the effects of toxic levels of Zn in soil and its impact on several tree species by Beyer et al.
(2013), a sufficiency value for Zn of 0.011 ppm for loblolly pine was utilized. Using that Zn
concentration as a baseline for analysis, tree seedlings were exposed to increasing rates of Zn up
to a maximum level of 0.93 ppm. As plants accumulate Zn in their tissues, higher concentrations
are typically found in roots which can interfere with growth, elongation, and consequently water
and nutrient uptake by the plant (Castiglione et al., 2007; Davis and Parker 1993; Disante et al.,
2010; Påhlsson 1989). Soil acidity increases the activity of Zn2+ so liming can be used to
counteract potential phytotoxicity (Lott 1958). Chlorosis due to Fe-deficiency may also be
induced by high Zn concentrations (Chaney 1993) and interfere with Ca metabolism. These
nutrient interactions, once off balance, provide yet another mechanism by which top dieback
may be initiated due to stress at the Newton site.
Iron (Fe) is an essential nutrient for plants with functions that include accepting and
donating electrons and playing important roles in the electron-transport chains of photosynthesis
and respiration. Even though it is an essential micronutrient, Fe is toxic when it accumulates in
high levels. It can act catalytically via the Fenton reaction to generate hydroxyl radicals, which
can damage lipids, proteins and DNA (Connolly and Guiernot 2002). Iron toxicity leads to
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increased polyphenol oxidase activity, leading to the production of oxidized polyphenols. It also
causes leaf bronzing and reduces the ability of roots to oxidize properly leading to stress
(Doberman and Fairhurst 2000). In the case of the Newton site, Fe concentration was in excess
of the south-wide standard for genetically improved fast growing loblolly pine (Allen 2001).
Excessive Fe was significantly correlated to top dieback of loblolly pine at the Newton site.
Acidic sites in general have a greater amount of free Fe2+ especially when soils are saturated
(Havlin et al. 2004). As with Mn, there is evidence to suggest that elevated Fe levels at the
Newton site may have contributed to stress factors resulting in top dieback. There are several
mentions of Fe in relation to Mn in the literature but none that specifically correlated Fe levels
with Mn levels when looking at toxicity in either element. In either case, both micronutrients
may have contributed to the stress of the trees in this ideotype study.
Conclusions
There are many factors that may be working in concert at the Newton site to promote top
dieback in loblolly pine. Previous studies indicated top dieback to be an issue with juvenile pine.
Due to the older age of the trees in the Newton Ideotype Study when compared to other top
dieback studies, it appeared that top dieback is more of a chronic issue for this site. The initial
genetic factor of top dieback susceptibility seems to have been the result of the control
pollinations that used a female parent now known to exhibit this negative trait. However, with
that known there does seem to a paternal effect that has led to less top dieback in the CROP
ideotype when compared to the COMP ideotype. Data from the local NOAA weather station
indicates there have been freeze events intermingled with above average temperature events
during the dormant season months which may impact freeze damage tolerance in these two
ideotypes and may contribute to top dieback issues. The site location in the upper coastal plain of
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Mississippi places this specific study is a geographic area known for high probability of pests
and diseases which target loblolly pine (Berisford 1987; USDA 1989; Nowack and Berisford
2000). This provides several potential biotic stress factors to the stand. The historic and current
agricultural practices at the Newton site allow for potential abiotic impacts from the applications
of fertilizers and pesticides to introduce nutrient inputs to the site. Some of these nutrients, like
B, correlate to other instances of top dieback in loblolly pine. Other nutrients, such as Mn, are
present at high enough levels to indicate that they may be stress factors to the loblolly pine
planted at this site. These factors have seemed to have had a compounding negative effect in
frequency and intensity of top dieback. Overall, it appears that the Newton site is experiencing
significant top dieback due to multiple factors and interactions that are not completely
understood at this time. Further research is needed to quantify the initial findings and develop a
better picture of the interactions that are resulting in the chronic level of top dieback observed at
this site.
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Table 2.1

PROC GLIMMIX odds ratios output for top dieback for two varietal ideotypes of
loblolly pine under two levels of management intensity and three spacing levels at
ages eight and nine in Mississippi.

Effect

Type III Tests of Fixed Effects for Top Dieback Frequency
Age 8 (2015)
Age 9 (2016)
Numerator Denominator
DF
DF
F Value
Pr > F
Pr > F
F
Value

Varietal
(VAR)

1

33

93.56

<.0001

211.22

<.0001*

Management
Intensity
(MI)

2

33

11.97

0.0001

25.62

<.0001*

VAR*MI

2

33

0.03

0.9721

15.25

0.0004

Spacing (S)

1

33

164.13

<.0001

33.31

<.0001*

VAR*S

1

33

0.35

0.5562

1.88

0.1678

MI*S

2

33

0.79

0.4631

2.80

0.0750

VAR*MI*S

2

33

10.18

0.0004*

2.67

0.0841

*Statistically significant factors at α=0.05
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Table 2.2

Percent and mean frequency of top dieback symptoms by varietal ideotype,
management intensity and spacing at age eight and nine in Mississippi.

Varietal by Spacing
Management Level
Intensity
(feet)
CROP
INTENSIVE
CROP
NORMAL
COMP
INTENSIVE
COMP
NORMAL

6 x 14
9 x 14
16 x 14
6 x 14
9 x 14
16 x 14
6 x 14
9 x 14
16 x 14
6 x 14
9 x 14
16 x 14

Trees with Top Dieback Symptoms
Age 8
Age 9
% Average
Mean
% Average
Mean
(Min, Max)
Frequency
(Min, Max)
Frequency
32 (16, 52)
19.75
26 (18, 32)
16.25
42 (18, 67)
26.5
42 (29, 56)
26.25
58 (43, 83)
36.25
53 (42, 61)
33.25
23 (18, 28)
14
29 (13, 54)
18
25 (13, 38)
16
40 (30, 65)
25.5
28 (28, 28)
18
54 (47, 58)
34
11 (8, 14)
7.33
15 (0, 28)
9.5
20 (12, 34)
13
22 (3, 47)
14
16 (6, 22)
10.33
28 (6, 50)
18
2 (1,3)
1.5
7 (3, 11)
4.25
5 (1, 8)
3
11 (9, 12)
7
14 (6, 22)
9
16 (6, 23)
10.5
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Table 2.3

Soil analysis for macronutrient concentration (%) by varietal ideotype and
management intensity combination at the Newton Ideotype study near Newton,
MS using PROC MEANS t-test for each nutrient compared across blocks.

Varietal Management
CROP

CROP

COMP

COMP

NORMAL

INTENSIVE

NORMAL

INTENSIVE

N Variable
Obs
4
N

4

4

4

Mean

Std Dev

t Value

Pr > |t|

28.467

32.985

1.73

0.1828

P

31.750

3.948

16.09

0.0005*

K

93.500

29.263

6.39

0.0078*

Mg

111.000

23.706

9.36

0.0026*

Ca

1510.75

144.123

20.96

0.0002*

S

31.750

13.022

4.88

0.0165*

N

33.367

44.593

1.50

0.2314

P

37.750

22.853

3.30

0.0456

K

109.750

61.857

3.55

0.0381*

Mg

107.000

40.108

5.34

0.0129*

Ca

1370.75

156.167

17.55

0.0004*

S

43.500

15.022

5.79

0.0102*

N

26.242

29.552

1.78

0.1738

P

39.000

19.983

3.90

0.0299*

K

97.250

58.824

3.31

0.0455*

Mg

115.000

35.449

6.49

0.0074*

Ca

1501.50

179.56

16.72

0.0005*

S

30.500

6.758

9.03

0.0029*

N

22.412

24.020

1.87

0.1589

P

21.250

10.340

4.11

0.0261*

K

133.000

74.058

3.59

0.0370*

Mg

147.500

57.158

5.16

0.0141*

Ca

1852.00

380.596

9.73

0.0023*

31.250
13.598
4.60
0.0194*
S
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.
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Table 2.4

Soil analysis for micronutrient concentration (ppm) by varietal ideotype and
management intensity combination at the Newton Ideotype study near Newton,
MS using PROC MEANS t-test for each nutrient compared across blocks.

Varietal Management
CROP

CROP

COMP

COMP

NORMAL

INTENSIVE

NORMAL

INTENSIVE

N Variable
Obs
4
B

4

4

4

Mean

Std Dev

t Value

Pr > |t|

0.315

0.062

10.09

0.0021*

Zn

1.825

0.171

21.37

0.0002*

Mn

125.000

27.313

9.15

0.0028*

Fe

386.500

47.732

16.19

0.0005*

Cu

1.775

0.096

37.08

<.0001*

B

0.290

0.067

8.68

0.0032*

Zn

1.525

0.723

4.22

0.0243*

Mn

243.250

320.025

1.52

0.2258*

Fe

328.250

32.725

20.06

0.0003*

Cu

1.575

0.299

10.55

0.0018*

B

0.290

0.029

19.70

0.0003*

Zn

1.925

1.005

3.83

0.0313*

Mn

115.250

68.651

3.36

0.0438*

Fe

408.000

162.261

5.03

0.0152*

Cu

1.775

0.943

3.76

0.0328*

B

0.297

0.039

15.41

0.0006*

Zn

1.350

0.387

6.97

0.0061*

Mn

76.500

65.2

2.35

0.1006

Fe

255.500

98.039

5.21

0.0137*

1.5250
0.2217
13.76
0.0008*
Cu
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.
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Table 2.5

Dormant season foliar Nitrate N % comparison at age nine between two varietal
loblolly pine ideotypes at two management intensities in Mississippi.
Source

DF Type III SS Mean Square F Value

Pr > F

31
0.1662
Total Corrected
0.0400
0.0057
7
1.09
0.4014
Model
0.0253
0.0253
1
4.82
0.0381*
Varietal (VAR)
0.0045
0.0045
0.86
0.3634
Management Intensity (MI) 1
0.0003
0.0003
1
0.06
0.8094
VAR*MI
0.0050
0.0050
1
0.95
0.3391
Dieback (DBK)
0.0032
0.0032
1
0.61
0.4429
VAR*DBK
0.0012
0.0012
1
0.24
0.6302
MI*DBK
0.0004
0.0004
1
0.09
0.7723
VAR*MI*DBK
24
0.1261
0.0053
Error
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.

Table 2.6
Source

Dormant season foliar Fe (ppm) comparison at age nine between two varietal
loblolly pine ideotypes two management intensities in Mississippi.
DF Type III SS Mean Square F Value Pr > F

31 4830.7187
Total Corrected
7
1387.4687
198.2098
1.38
0.2581
Model
1.5312
1.5312
1
0.01
0.9186
Varietal (VAR)
569.5312
569.5312
3.97
0.0578
Management Intensity (MI) 1
13.7812
13.7812
1
0.10
0.7593
VAR*MI
639.0312
639.0312
1
4.45
0.0454*
Dieback (DBK)
0.7812
0.7812
1
0.01
0.9418
VAR*DBK
157.5312
157.5312
1
1.10
0.3051
MI*DBK
5.2812
5.2812
1
0.04
0.8495
VAR*MI*DBK
24
3443.25
143.4687
Error
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.
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Table 2.7

South-wide sufficiency levels of foliar nutrients for loblolly pine as proposed by
Allen (2001).

% Macronutrient
1.2
Nitrogen (N)
0.12
Phosphorus (P)
0.3
Potassium (K)
0.15
Calcium (Ca)
0.08
Magnesium (Mg)
0.08-0.10
Sulfur (S)

Table 2.8

Micronutrient ppm
12
Boron (B)
20-40
Iron (Fe)
2-3
Copper (Cu)
20-40
Manganese (Mn)
10-20
Zinc (Zn)

Dormant season foliar Nitrate N (%) pairwise t test means comparison between
ideotypes and sufficiency baseline given by Allen (2001) for two varietal ideotypes
of loblolly pine in Mississippi at age nine.

Varietal

Management

Dieback

N
Mean
Std
t Value Pr > |t|
Obs
Dev
4
0.2550 0.0526
9.70
0.0023*
CROP
NORMAL
NO
4
0.3200 0.0432
14.81
0.0007*
YES
4
0.2450
0.0580
8.44
0.0035*
INTENSIVE
NO
4
0.2700 0.0548
9.86
0.0022*
YES
4
0.3325 0.0538
12.37
0.0011*
COMP
NORMAL
NO
4
0.3425 0.1167
5.87
0.0099*
YES
4
0.3200
0.0698
9.17
0.0027*
INTENSIVE
NO
4
0.3200 0.0983
6.51
0.0074*
YES
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.
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Table 2.9

Dormant season foliar P (%) pairwise t test means comparison between ideotypes
and sufficiency baseline given by Allen (2001) for two varietal ideotypes of
loblolly pine in Mississippi at age nine.

Varietal Management Dieback N Obs Mean Std Dev t Value Pr > |t|
4
0.0225 0.0263
1.71
0.1856
CROP
NORMAL
NO
4
0.0250 0.0129
3.87
0.0305*
YES
4
0.0175 0.0126
2.78
0.0689
INTENSIVE
NO
4
0.0300 0.0283
2.12
0.1240
YES
4
0.0275 0.0150
3.67
0.0351*
COMP
NORMAL
NO
4
0.0225 0.0126
3.58
0.0374*
YES
4
0.0275 0.0206
2.67
0.0758
INTENSIVE
NO
4
0.0325 0.0206
3.15
0.0511*
YES
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.

Table 2.10

Dormant season foliar K (%) pairwise t test means comparison between ideotypes
and sufficiency baseline given by Allen (2001) for two varietal ideotypes of
loblolly pine in Mississippi at age nine.

Varietal Management Dieback N Obs Mean Std Dev t Value Pr > |t|
4
0.2500 0.0516
9.68
0.0023*
CROP
NORMAL
NO
4
0.2075 0.0171
24.30 0.0002*
YES
4
0.2575 0.0585
8.80
0.0031*
INTENSIVE
NO
4
0.2375 0.1021
4.65
0.0187*
YES
4
0.2400 0.0529
9.07
0.0028*
COMP
NORMAL
NO
4
0.2200 0.0141
31.11 <.0001*
YES
4
0.2325 0.0411
11.31 0.0015*
INTENSIVE
NO
4
0.2375 0.0574
8.28
0.0037*
YES
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.
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Table 2.11

Dormant season foliar Mg (%) pairwise t test means comparison between
ideotypes and sufficiency baseline given by Allen (2001) for two varietal ideotypes
of loblolly pine in Mississippi at age nine.

Varietal Management Dieback N Obs Mean Std Dev t Value Pr > |t|
4
0.0500 0.0141
7.07
0.0058*
CROP
NORMAL
NO
4
0.0475 0.0050
19.00 0.0003*
YES
4
0.0575 0.0126
9.14
0.0028*
INTENSIVE
NO
4
0.0650 0.0420
3.09
0.0536*
YES
4
0.0475 0.0096
9.92
0.0022*
COMP
NORMAL
NO
4
0.0475 0.0150
6.33
0.0080*
YES
4
0.0475 0.0126
7.55
0.0048*
INTENSIVE
NO
4
0.0675 0.0206
6.55
0.0072*
YES
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.

Table 2.12

Dormant season foliar Ca (%) pairwise t test means comparison between ideotypes
and sufficiency baseline given by Allen (2001) for two varietal ideotypes of
loblolly pine in Mississippi at age nine.

Varietal Management Dieback N Obs Mean Std Dev t Value Pr > |t|
4
0.1475 0.0479
6.16
0.0086*
CROP
NORMAL
NO
4
0.1600 0.0216
14.81 0.0007*
YES
4
0.1525 0.0171
17.86 0.0004*
INTENSIVE
NO
4
0.1750 0.0742
4.72
0.0180*
YES
4
0.1600 0.0374
8.55
0.0034*
COMP
NORMAL
NO
4
0.1600 0.0216
14.81 0.0007*
YES
4
0.1725 0.0585
5.90
0.0097*
INTENSIVE
NO
4
0.1850 0.0436
8.49
0.0034*
YES
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.
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Table 2.13

Dormant season foliar S (%) pairwise t test means comparison between ideotypes
and sufficiency baseline given by Allen (2001) for two varietal ideotypes of
loblolly pine in Mississippi at age nine.

Varietal Management Dieback N Obs Mean Std Dev t Value Pr > |t|
4
0.0125 0.0150
1.67
0.1942
CROP
NORMAL
NO
4
0.0125 0.0050
5.00
0.0154*
YES
4
0.0075 0.0126
1.19
0.3189
INTENSIVE
NO
4
0.0175 0.0236
1.48
0.2351
YES
4
0.0075 0.0096
1.57
0.2152
COMP
NORMAL
NO
4
0.0100 0.0082
2.45
0.0917
YES
4
0.0125 0.0096
2.61
0.0796
INTENSIVE
NO
4
0.0225 0.0171
2.63
0.0780
YES
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.

Table 2.14

Dormant season foliar Nitrate N (%) comparison between two 9-year old varietal
ideotypes of loblolly pine in Mississippi and the south-wide sufficiency baseline
for loblolly pine (Allen 2001) (R2 = 0.8845).
Source

DF Type III SS Mean Square F Value

Pr > F

31 0.16618750
Total Corrected
19 0.14698750
0.00773618
4.84
0.0039*
Model
3 0.04901250
0.01633750
2.54
0.1220
BLOCK
1 0.02531250
0.02531250
3.93
0.0787
Varietal (VAR)
0.00451250
0.70
0.4241
Management Intensity (MI) 1 0.00451250
1 0.00031250
0.00031250
0.05
0.8305
VAR*MI
9 0.05793750
0.00643750
4.02
0.0140*
BLOCK(VAR*MI)
1 0.00500000
0.00500000
3.12
0.1025
Dieback (DBK)
1 0.00320000
0.00320000
2.00
0.1827
VAR*DBK
1 0.00125000
0.00125000
0.78
0.3941
MI*DBK
1 0.00045000
0.00045000
0.28
0.6056
VAR*MI*DBK
12 0.01920000
0.00160000
Error
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.
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Table 2.15

Dormant season foliar P (%) comparison between two 9-year old varietal ideotypes
of loblolly pine in Mississippi and the south-wide sufficiency baseline for loblolly
pine (Allen 2001) (R2 = 0. 675607).

Source
DF Type III SS Mean Square F Value Pr > F
31 0.00978750
Total Corrected
19 0.00661250
0.00034803
1.32
0.3186
Model
3 0.00376250
0.00125417
5.10
0.0247*
BLOCK
1 0.00011250
0.00011250
0.46
0.5157
Varietal (VAR)
0.00005000
0.20
0.6627
Management Intensity (MI) 1 0.00005000
1 0.00005000
0.00005000
0.20
0.6627
VAR*MI
9 0.00221250
0.00024583
0.93
0.5338
BLOCK(VAR*MI)
1 0.00011250
0.00011250
0.43
0.5266
Dieback (DBK)
1 0.00011250
0.00011250
0.43
0.5266
VAR*DBK
1 0.00020000
0.00020000
0.76
0.4017
MI*DBK
1 0.00000000
0.00000000
0.00
1.0000
VAR*MI*DBK
12
0.00317500
0.00026458
Error
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.

Table 2.16

Dormant season foliar Ca (%) comparison between two 9-year old varietal
ideotypes of loblolly pine in Mississippi and the south-wide sufficiency baseline
for loblolly pine (Allen 2001) (R2 = 0.546022).

Source
DF Type III SS Mean Square F Value Pr > F
31 0.05157187
Total Corrected
19 0.02815937
0.00148207
0.76
0.7132
Model
3 0.01740938
0.00580313
8.16
0.0062*
BLOCK
1 0.00090312
0.00090312
1.27
0.2890
Varietal (VAR)
0.00165313
2.32
0.1618
Management Intensity (MI) 1 0.00165313
1 0.00015313
0.00015313
0.22
0.6537
VAR*MI
9 0.00640312
0.00071146
0.36
0.9312
BLOCK(VAR*MI)
1 0.00112813
0.00112813
0.58
0.4617
Dieback (DBK)
1 0.00025312
0.00025312
0.13
0.7250
VAR*DBK
1 0.00025313
0.00025313
0.13
0.7250
MI*DBK
1 0.00000313
0.00000313
0.00
0.9687
VAR*MI*DBK
12 0.02341250
0.00195104
Error
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.
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Table 2.17

Dormant season foliar B (ppm) pairwise t test means comparison between two 9year old varietal ideotypes of loblolly pine in Mississippi and the south-wide
sufficiency baseline for loblolly pine (Allen 2001).

Varietal Management Dieback N Obs Mean
Std Dev t Value Pr > |t|
4
-7.7500 1.2583
-12.32 0.0012*
CROP
NORMAL
NO
4
-7.5000 1.2910
-11.62 0.0014*
YES
4
-7.7500 0.5000
-31.00 <.0001*
INTENSIVE
NO
4
-7.5000 1.0000
-15.00 0.0006*
YES
4
-6.7500 1.8930
-7.13
0.0057*
COMP
NORMAL
NO
4
-7.5000 1.7321
-8.66
0.0032*
YES
4
-7.0000 2.7080
-5.17
0.0140*
INTENSIVE
NO
4
-7.0000 1.4142
-9.90
0.0022*
YES
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.

Table 2.18

Dormant season foliar Zn (ppm) pairwise t test means comparison between two 9year old varietal ideotypes of loblolly pine in Mississippi and the south-wide
sufficiency baseline given by for loblolly pine (Allen 2001).

Varietal Management Dieback N Obs Mean
Std Dev t Value Pr > |t|
4
20.0000 4.0825
9.80
0.0023*
CROP
NORMAL
NO
4
25.7500 2.2174
23.23 0.0002*
YES
4
23.2500 0.9574
48.57 <.0001*
INTENSIVE
NO
4
26.7500 12.2577
4.36
0.0222*
YES
4
20.0000 4.3970
9.10
0.0028*
COMP
NORMAL
NO
4
24.0000 6.3246
7.59
0.0047*
YES
4
19.5000 3.5119
11.11 0.0016*
INTENSIVE
NO
4
27.2500 10.0457
5.43
0.0123*
YES
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.
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Table 2.19

Dormant season foliar Mn (ppm) pairwise t test means comparison between two 9year old varietal ideotypes of loblolly pine in Mississippi and the south-wide
sufficiency baseline for loblolly pine (Allen 2001).

Varietal Management Dieback N Obs Mean
Std Dev t Value Pr > |t|
4
562.7500 103.7509 10.85
0.0017*
CROP
NORMAL
NO
4
610.5000 97.2163 12.56
0.0011*
YES
4
515.5000 72.6108 14.20
0.0008*
INTENSIVE
NO
4
554.2500 117.4858 9.44
0.0025*
YES
4
552.0000 45.1885 24.43
0.0002*
COMP
NORMAL
NO
4
623.0000 86.0891 14.47
0.0007*
YES
4
561.2500 120.6852 9.30
0.0026*
INTENSIVE
NO
4
590.0000 213.5431 5.53
0.0117*
YES
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.

Table 2.20

Dormant season foliar Fe (ppm) pairwise t test means comparison between two 9year old varietal ideotypes of loblolly pine in Mississippi and the south-wide
sufficiency baseline for loblolly pine (Allen 2001).

Varietal Management Dieback N Obs Mean
Std Dev t Value Pr > |t|
4
7.2500 4.5735
3.17
0.0505*
CROP
NORMAL
NO
4
2.2500 2.6300
1.71
0.1856
YES
4
18.0000 19.2007
1.87
0.1575
INTENSIVE
NO
4
5.7500 14.4309
0.80
0.4837
YES
4
5.0000 4.5461
2.20
0.1152
COMP
NORMAL
NO
4
1.0000 2.9439
0.68
0.5456
YES
4
20.0000 21.9241
1.82
0.1656
INTENSIVE
NO
4
5.5000 5.7446
1.91
0.1514
YES
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.
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Table 2.21

Dormant season foliar B (ppm) comparison between two 9-year old varietal
ideotypes of loblolly pine in Mississippi and the south-wide sufficiency baseline
given by Allen (2001) for loblolly pine
(R2 = 0.906085).

Source
DF Type III SS Mean Square F Value Pr > F
31 65.21875000
Total Corrected
19 59.09375000 3.11019737
6.09
0.0013*
Model
3 44.59375000 14.86458333
12.70 0.0014*
BLOCK
1
2.53125000
2.53125000
2.16
0.1754
Varietal (VAR)
0.03125000
0.03125000
0.03
0.8738
Management Intensity (MI) 1
1
0.03125000
0.03125000
0.03
0.8738
VAR*MI
9 10.53125000 1.17013889
2.29
0.0907
BLOCK(VAR*MI)
1
0.03125000
0.03125000
0.06
0.8088
Dieback (DBK)
1
0.78125000
0.78125000
1.53
0.2397
VAR*DBK
1
0.28125000
0.28125000
0.55
0.4722
MI*DBK
1
0.28125000
0.28125000
0.55
0.4722
VAR*MI*DBK
12 6.12500000
0.51041667
Error
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.

Table 2.22

Dormant season foliar Zn (ppm) comparison between two 9-year old varietal
ideotypes of loblolly pine in Mississippi and the south-wide sufficiency baseline
given by Allen (2001) for loblolly pine (R2 = 0.595064).

Source
DF Type III SS Mean Square F Value Pr > F
31 1316.875000
Total Corrected
19 783.625000
41.243421
0.93
0.5717
Model
3 56.12500000 18.70833333
0.38
0.7719
BLOCK
1 12.50000000 12.50000000
0.25
0.6278
Varietal (VAR)
1
24.50000000
24.50000000
0.49
0.5000
Management Intensity (MI)
1
1.12500000
1.12500000
0.02
0.8836
VAR*MI
9 446.6250000 49.6250000
1.12
0.4194
BLOCK(VAR*MI)
1 220.5000000 220.5000000
4.96
0.0458*
Dieback (DBK)
1
3.1250000
3.1250000
0.07
0.7954
VAR*DBK
1
1.1250000
1.1250000
0.03
0.8762
MI*DBK
1
18.0000000
18.0000000
0.41
0.5364
VAR*MI*DBK
12 533.250000
44.437500
Error
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.
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Table 2.23

Dormant season foliar Mn (ppm) comparison between two 9-year old varietal
ideotypes of loblolly pine in Mississippi and the south-wide sufficiency baseline
given by Allen (2001) for loblolly pine (R2 = 0.644403).

Source
DF Type III SS Mean Square F Value Pr > F
31 360768.2188
Total Corrected
19 232480.0938 12235.7944
1.14
0.4154
Model
3 132328.0938 44109.3646
6.00
0.0157*
BLOCK
1
3465.2813
3465.2813
0.47
0.5095
Varietal (VAR)
8096.2812
8096.2812
1.10
0.3212
Management Intensity (MI) 1
1
3180.0313
3180.0313
0.43
0.5270
VAR*MI
9
66112.0313
7345.7813
0.69
0.7091
BLOCK(VAR*MI)
1
17344.5312
17344.5312
1.62
0.2269
Dieback (DBK)
1
87.7813
87.7813
0.01
0.9293
VAR*DBK
1
1313.2813
1313.2813
0.12
0.7320
MI*DBK
1
552.7813
552.7813
0.05
0.8239
VAR*MI*DBK
12 128288.1250 10690.6771
Error
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.

Table 2.24

Dormant season foliar Fe (ppm) comparison between two 9-year old varietal
ideotypes of loblolly pine in Mississippi and the south-wide sufficiency baseline
given by Allen (2001) for loblolly pine
(R2 = 0.846012).

Source
DF Type III SS Mean Square F Value Pr > F
31 4830.718750
Total Corrected
19 4086.843750 215.097039
3.47
0.0159*
Model
3 1332.093750 444.031250
2.92
0.0925
BLOCK
1
1.531250
1.531250
0.01
0.9222
Varietal (VAR)
1
569.531250
569.531250
3.75
0.0848
Management Intensity (MI)
1
13.781250
13.781250
0.09
0.7701
VAR*MI
9 1367.281250 151.920139
2.45
0.0749
BLOCK(VAR*MI)
1
639.031250
639.031250
10.31 0.0075*
Dieback (DBK)
1
0.781250
0.781250
0.01
0.9125
VAR*DBK
1
157.531250
157.531250
2.54
0.1369
MI*DBK
1
5.281250
5.281250
0.09
0.7754
VAR*MI*DBK
12 743.875000
61.989583
Error
*Significant variation between at least one treatment combination of ideotypes and management
levels at α=0.05.
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Figure 2.1

Comparison of current year top dieback as expressed by two individual loblolly
trees at age nine located on the Newton Mississippi Agriculture and Forestry
Extension Service (MAFES) station near Newton, MS.

Degrees Farenheight

Annual Temperature Extremes
110
100
90
80
70
60
50
40
30
20
10
0

Figure 2.2

2014
2015
2016

High
Low
January

High
Low
February

High
Low
November

High
Low
December

Comparison of temperature extremes for dormant season monthly high
temperature and low temperature readings at the Newton Ideotype Study in the
upper coastal plain of Mississippi for the years of 2014, 2015, and 2016.
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Figure 2.3

Dormant season foliar Nitrate N (%) means comparison between two ideotypes of
loblolly pine and sufficiency baseline given by Allen (2001) at age nine. South
wide sufficiency standard (bold outline), trees without top dieback symptoms
(patterned), and trees with top dieback symptoms (solid).
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Figure 2.5
Dormant season foliar P (%) means comparison between two ideotypes of
loblolly pine and sufficiency baseline given by Allen (2001) at age nine. South wide sufficiency
standard (bold outline), trees without top dieback symptoms (patterned), and trees with top
dieback symptoms (solid).
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Figure 2.8

Dormant season foliar Zn (ppm means comparison between two ideotypes of
loblolly pine and sufficiency baseline given by Allen (2001) at age nine. South
wide sufficiency standard (bold outline), trees without top dieback symptoms
patterned), and trees with top dieback symptoms (solid).
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Figure 2.9

Dormant season foliar Mn (ppm) means comparison between two ideotypes of
loblolly pine and sufficiency baseline given by Allen (2001) at age nine. South
wide sufficiency standard (bold outline), trees without top dieback symptoms
(patterned), and trees with top dieback symptoms (solid).
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CHAPTER III
GROWTH, YIELD, AND SPECIFIC GRAVITY OF TWO VARIETAL LOBLOLLY PINE
IDEOTYPES UNDER TWO LEVELS OF MANAGEMENT INTENSITY AND THREE
SPACINGS AT AGE NINE IN MISSISSIPPI
Introduction
The productivity of southern pine plantations, specifically loblolly pine (Pinus taeda L.),
have made substantial gains in growth and yield in the past 40 years. Increases in management
intensity coupled with improved genetic gains have more than doubled per acre annual
increments. It has become common for annual growth of loblolly pine plantations to exceed 300
ft3/ac/year (Fox et al. 2007a). Tree improvement cooperatives and tree breeders are in large part
responsible for the gains in loblolly pine productivity. Cooperatives were established on a
regional level for tree improvement in the early 1950s. By the mid-1980s nearly all managed
industrial southern pine plantations were established with seedlings which had some level of
genetic improvement. First generation selections generated volume gains in the range of 7-12
percent (Li et al. 1999, 2000; McKeand et al. 2003; Fox et al. 2007b; Aspinwall et al. 2013) and
harvest value gains were estimated to exceed 20 percent (Fox et al. 2007a). At the turn of the
current century, more than half of the planting stock for southern yellow pine was being grown
from second generation selections. Progeny of these second generation selections exhibited
gains of 7 to 23 percent above first generation selections in terms of overall stem wood
productivity (Fox et al. 2007a; Li et al.1991, 1999, 2000; McKeand et al. 2003, 2006).
98

Additional value increases resulted from breeding improvements in stem form, wood quality, and
disease resistance. The trade-off for increased yields required an increase in management
intensity throughout the rotation of the plantation in order to maximize value returns. As forest
management systems moved toward an agricultural implementation, tree breeders were also
following agriculture’s lead with increasing uniformity of growth and yield first through single
family deployment, then to full-sib production, and finally through clonal propagation.
Clonal, or varietal, forestry has the potential to increase uniformity and productivity of
plantation silviculture (Wright and Dougherty 2007). Vegetative propagation is utilized to massproduce selected genotypes with improved genetic potential in a manner that retains the original
genetic character of the donor tree (Gleed et al.1995).The technology available to clone loblolly
pine in-mass is not perfect, but is well enough established to produce marketable materials
through both hedging and somatic embryogenesis. Due to the potential of uniformity of outcome
of varietal material, it may be possible to increase loblolly pine productivity up to 50 percent
over 2nd generation material by deploying appropriate clones to specific site conditions and
applying the proper level of intensive silvicultural practices (Wright and Dougherty 2007). As
with any plantation system, site limiting resources must be eliminated for varietal plantations to
reach their full potential. Otherwise landowners may see reduced uniformity and overall
productivity of varietal plantations (Sierra- Lucero et al. 2003). An ongoing issue as varietal
planting stock becomes more prevalent is the lack of understanding of how different genotypes
will respond to specific site and silvicultural manipulations (Li et al.1991). This problem can
only be resolved through a continuous process of testing large numbers of candidate varietals at
multiple locations to determine if they are suitable for forest plantation deployment (Gleed et
al.1995). Therefore, it is necessary to also test these varietals across a range of silvicultural
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treatments to properly evaluate and identify the best varietals for deployment. One approach to
categorizing varietal material for testing is to apply the ideotype concept (Donald 1968;
Dickmann 1985, Dickman et al. 2010). An ideotype can be defined as having a consistent set of
characteristics that typically respond to management practices in a consistently uniform way and
is typically applied to annual crops (Donald 1968). When applied to forest trees, an ideotype can
be used to classify an individual into a category by crown characteristics such as branch size,
branch angle, and number of branches (Dickman 1985; Dickman et al. 2010; Martin et al.2001).
There are two main categories of crown architecture ideotypes generally applied to loblolly pine,
the crop ideotype and the competitor ideotype. Narrow crowned, small branched trees that grow
well without aggressively competing with adjacent trees on a site are considered a crop ideotype.
In contrast, large wide-crowned trees that aggressively expand into neighboring trees to
maximize opportunity to capture site resources are considered to be in the competition ideotype
category. Growth and yield as well as other breeding improvements, such as stem form, disease
resistance, and wood quality, should be considered when selecting a varietal ideotype to achieve
management plan goals.
It is well established that with each increase in genetic gain from 1st generation selections
up to varietal loblolly pine there has been an anticipated increase in growth and yield (Allen
2008; Aspinwall et al. 2013; Carter and Foster 2006; Clutter et al.1984; Fox 2000; Jokela et al.
2010). Varietal materials are marketed as the ‘best’ planting stock to optimize growth and yield,
meet management goals that include high quality sawlogs at the end of rotation, and achieve
those goals at a faster rate than other available genetic planting stock (Bettinger et al. 2009).
Many questions remain about the field performance of varietals, especially in less than optimum
growing conditions. Non-industrial private forest (NIPF) landowners traditionally apply fewer
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silvicultural resources than their industrial counterparts but own the majority of the southern pine
land base available in Mississippi for forest production (Birch 1996; Londo and Grebner 2004).
This means that the majority of landowners potentially planting improved loblolly pine will not
apply any or all of the recommended silvicultural practices to maximize growth of elite
genotypes. The resulting yield of the plantation at rotation many then be impacted.
Often increases in growth are negatively correlated with wood quality (Williamson and
Weimann 2010; Stovall et al. 2011). Wood quality traits that have been long established as
desirable include the actual cellular wood substance versus open spaces, proportion of early to
late wood, moisture content, extractives, and amount of compression wood, all of which include
the GxE interaction of the tree, its growth conditions, and geography (Peck 1933). One of the
most commonly used measures of wood quality is specific gravity (SG) as it relates to wood
density. Specific gravity is an expression of how much wood substance is present in a given
volume of wood. It is a ratio of the weight of a given volume of wood to its volume to the equal
weight for that same volume of water, and is therefore unitless. There is significant variation in
wood properties within trees that occurs from pith-to-bark, from stump-to-tip. Variation also
occurs within individual annual rings between earlywood and latewood (Antony et al. 2010).
Clark and Saucier (1989) sub-divided the radial section of a pine stem into three zones. The first
zone contains the core wood. The second zone contains the transition wood. These two zones
together are commonly referred to as juvenile wood. The last zone contains the mature wood.
Wood that is contained in the juvenile zones is influenced by adjacent crown development (Clark
and Saucier 1989). The resulting wood formed in this region produces a core near the center of
the stem that has low SG, short tracheids, and large microfibril angles (Larson et al. 2001). The
SG of wood is a measure of the proportion of material allocated within a tree for strength and
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structural support. Typically, faster growing species produce stems with less structural material
and greater proportions of water and air filled spaces resulting in lower SG (Williamson and
Weimann 2010). Young trees, with their faster growth rates, also tend to have reduced SG
compared to mature trees of the same species. It is anticipated that the superior genetics of
varietal materials will overcome any decreases in wood quality. Many breeding programs focus
on improved specific gravity as a measure of wood quality and use specific gravity as one of
many desired traits in the selection of parental lines (White 1996). Coupled with structural wood
quality is the overall quality of the harvested log in terms of clear faces, small knots, lack of
sinuosity, and other key traits used to grade materials at the mill. Loblolly pine tree
improvement programs and forest nutrition cooperatives have worked in lockstep to improve
understanding of the impacts of selecting the right planting materials and applying the proper
silivcultural practices to produce quality timber over a desired rotation length.
The present study was established to compare growth performance of two varietal
ideotypes of loblolly pine under two management intensities and three spacings in the upper
coastal plain of Mississippi. Wood quality as it relates to basic specific gravity will be quantified
across all treatment levels. Furthermore, height, diameter, volume, and incremental growth at
age nine will also be evaluated for each varietal across management intensities and spacings. It
is anticipated that there will be no difference between combinations of varietal ideotypes,
management intensities, or stocking levels for the specific gravity characteristics observed in this
study due to the nature of these elite genotypes. Differences in growth and yield metrics are
expected due to the divergent nature of the two ideotypes but the relative significance remains in
question.
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Methods
The study was established in 2008 at Mississippi State University’s Coastal Plain Branch
MAFES Station near Newton, MS (32° 20.19’N, 89° 05.51’W). Average precipitation at Newton
is approximately 56 inches per year with an average annual temperature of 63° F (range 50.1° F
to 75.5° F). Soils on the site are coarse-loamy, siliceous, semi-active, thermic Glossic
Fragiudults of the Prentiss series. The history of this site included agricultural production
resulting in a defined Ap soil horizon. Pre-plant treatments included a broadcast application of
Glyphosate (64 ounces/ac) and 14 inch subsoil tillage in the fall of 2007. A second application of
Glyphosate (32 ounces/ac) was applied in March of 2008 prior to hand planting with
containerized seedlings between April and May of 2008.
The study was set up as a generalization of a split plot design with 2 main plot factors,
each at 2 levels and on subplot factor with 3 levels. The overall design had four replications.
Trees within the spacing subplots were planted in 64 tree blocks (8 rows x 8 trees). Two varietal
genotypes of loblolly pine, produced by ArborGen, LLC, were used in this study. One varietal
was considered to be a competitor ideotype (COMP) characterized by a wider crown form, and
the other was considered to be a crop tree ideotype (CROP) with a narrower, compact crown
form. The two levels of management included normal intensity (N) and intensive (I). All plots
received an additional herbaceous competition control treatment in year one through a broadcast
application of Oustar® (10 ounces/ac). Additional management inputs applied only to the
intensive plots included Nantucket pine tip moth (Rhyacionia frustrana) control in the form of a
single 20 mg SilvaShield™ tablet (Bayer Environmental Science) in the planting hole at time of
planting, PTM™ insecticide (BASF Corp.) injected 3-6 inches deep in the soil adjacent to each
tree (0.05 ounces active ingredient per tree) in years two and three for additional tip moth
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control, herbaceous competition control in year two (1 ounce/ac of Escort®, 16 ounces/ac
Arrow®, 32 ounces/ac Goal®), and mowing of competing vegetation in year 3. The three
subplot units were planted in spacing configurations of 6x14-feet (84ft2/tree which is 518/TPA),
9x14-feet (126ft2/tree or 345 TPA) and 16x14-feet (224ft2/tree or 194 TPA).
Growth and Yield
One objective of this study was to provide an insight into the potential volume of
merchantable timber for a landowner who invested in varietal materials for reforestation. At the
Newton Ideotype study, heights have been continuously measured since 2008 and diameters
have been measured once the trees reached 4.5 feet in total height. Volume was calculated using
the outside-bark volume equation for southern pines (Goebal and Warner 1966). Data analyses
for these growth and yield metrics were performed using a mixed models approach modified for
the split plot design for two main plot effects, ideotype and management intensity, (PROC
MIXED; SAS-Institute 2012; Little et al. 2006) using the following model (Equation 3.1):
𝑌𝑖𝑗𝑘 = 𝜇 + 𝛼𝑖 + 𝛽𝑗 +(𝛼𝛽)𝑖𝑗 + 𝛿𝑙 + 𝜀(𝑖𝑗)𝑙 + 𝛾𝑘 + (𝛼𝛾)𝑖𝑘 + (𝛽𝛾)𝑗𝑘 + (𝛼𝛽𝛾)𝑖𝑗𝑘 + 𝑒(𝑖𝑗𝑘)𝑙
Where:
𝛿𝑘 ~𝑁(0, 𝜎𝛿2 ) i.i.d.
𝜀(𝑖𝑗)𝑙 ~𝑁(0, 𝜎𝜀2 ) i.i.d.

Independent

𝑒𝑖𝑗𝑘𝑙 ~𝑁(0, 𝜎 2 ) i.i.d.
Where:
i is the genotype (i = 1, 2),
j is the management intensity (j = 1, 2),
k is the spacing level (k = 1, 2, 3),
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(3.1)

l is the block (l = 1, 2, 3, 4), and
Yijk is the overall response for genotype i of management intensity j and spacing level k.
The results for growth and yield analyses were determined for total height, DBH, and
total volume at age seven, eight, and nine. Significant results were further analyzed by LS
MEANS tests to determine treatment differences based on a critical value of alpha=0.05.
Incremental Growth
During tree growth and development, wood is produced in sheath-like layers along the
stem. These layers have characteristics, such as color, strength, and weight, which varies during
a given growing season and by relative position to the top of the tree (Zobel and van Buijtenen
1989; Dickens et al. 2005; Antony et al. 2010). At the beginning of the growing season in early
spring, lighter colored, lighter weight wood is produced that is typically low in strength. This
wood is generally called ‘springwood’ or ‘earlywood’. As the growing season continues, a layer
of stronger, darker, thicker, heavier wood is produced forming from the bottom of the tree first.
Over time this ‘latewood’ or ‘summer wood’ will continue to develop along the stem toward the
top of the tree (Zobel and van Buijtenen 1989; Dickens et al. 2005; Antony et al. 2010). The
result of these seasonal wood growth actions are thicker layers of earlywood and latewood
forming closer to the base of the live crown and decreasing diameter as the annual growth is
developed toward the top of the tree. The combination of these two periods of wood
development are combined to form an annual growth ring (Dickens et al. 2005; Antony et al.
2010). Current annual increment (CAI) is the increase in volume for a given year and is
determined by annual measurements of standing volume. From these data, we determined CAI
to provide an average incremental volume (ft3/tree/year) production rate by each treatment
combination at age nine. A further analysis of periodic annual increment (PAI) across age range
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of seven to nine years was also developed to provide an average per tree volume (ft3/tree/year)
over four growing seasons. Finally, the mean annual increment (MAI) for each combination of
treatment level was developed based on measurements up to age nine to give an overall
indication of the average volume growth per tree (ft3/tree/year) across 9 growing seasons. These
data were then used to determine which combination of treatments produced the highest rate of
growth at over each time period. Results presented include the volume (ft3/tree/year) means for
age nine CAI and PAI for ages seven to nine and MAI at age nine. Significant results were
further analyzed by LS MEANS tests to determine treatment differences based on a critical value
of alpha=0.05.
Specific Gravity
In order for harvested timber to be of higher quality, it must also demonstrate good wood
quality. Wood quality of any species is characterized by its physical and mechanical properties.
Wood density, the weight of wood per unit volume, is one method used to measure the amount
of wood material in a tree. Another measure of the amount of wood material in a tree is specific
gravity, which is a similar weight per unit volume method. These two measurements are often
used interchangeably though this is only accurate at a moisture content of 0% (Zobel and Talbert
1984; Cumbie 2002). Within-ring variation in earlywood and late wood density is an important
factor impacting overall wood density and may be the largest source of within tree variation with
respect to wood density (Zobel and van Buijtenen 1989). Specific gravity (SG) is considered an
excellent indicator of wood quality due to its strong correlation with the strength of solid wood
products, as well pulp yield and quality (Einspahr et al. 1969; van Buijtenen 1969; Panshin and
de-Zeeuw 1980; Cumbie 2002; Antony et al. 2010). Wood specific gravity is the ratio of ovendry weight of a given volume of wood to the weight of an equal volume of water (Zobel and
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Talbert 1984; Cumbie 2002). The composition of the material from which wood is produced is
actually heavier than water; its specific gravity is about 1.5 regardless of wood species (Bergman
et al. 2010). Despite this fact, the wood of most species will float in water, an indication that part
of the overall volume of wood includes pores and cell cavities. It is the variation in the size of
these openings and the thickness of individual cell walls in a piece of wood that determine the
overall wood substance per unit of volume or specific gravity of a given species (Cumbie 2002;
Antony et al. 2010; Bergman et al. 2010). Specific gravity is also used as an index of the
mechanical properties for wood that is straight grained, clear, and defect free (Bergman et al.
2010). The values given by specific gravity also include the presence of other wood compounds,
chiefly extractives, gums, and resins, which do not contribute greatly to the mechanical
properties of wood (Einspahr et al. 1969; van Buijtenen 1969; Panshin and de-Zeeuw 1980;
Cumbie 2002; Antony et al. 2010; Bergman et al. 2010).
For the purpose of this study, the specific gravity (SG) of samples taken from each
combination of varietal by management intensity by spacing level was assessed as a measure of
wood quality. To look at SG, wood samples have traditionally been taken as disks or as
increment borer samples taken from DBH level. In the current study, a bark to bark core sample
that included the pith was taken using a large diameter increment borer from 5 trees per subplot
(Cornelissen et al.2003; Swenson and Enquist 2008; Williamson and Weimann 2010) for a total
of 240 trees overall and 20 trees per treatment across replications (Figure 3.1). Due to the age
and size of the sample trees, selected trees without obvious visual defects were chosen from rows
between the buffer rows and the internal rows of the measurement plots to avoid any potential
mortality damage to the core subplot. The increment borer was a modernized version of the
Echols (1969) unit designed by the Center for Advanced Vehicular Systems (CAVS) at
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Mississippi State University. The unit consisted of a generator and a Hole-Shooter drill with an
in-house designed adapter socket for a 12 mm drill bit. Because specific gravity depends on
wood volume, shrinkage must be accounted for when determining specific gravity below the
fiber saturation point. (Simpson 1993). To prevent shrinkage from becoming an issue, the core
samples were collected in the field, individually placed into sealed tubes of deionized water, and
stored in refrigeration for transport back to the laboratory.
Prior to oven drying, the sample volume was measured both by volume displacement and
by core sample dimension measurements. To obtain an accurate water displacement sample, the
cores were immersed into a large beaker of water that was placed on a top-loading electronic
balance. The wood sample was pressed below the water surface with the aid of a ‘volume-less’
needle or insect pin. The volume of the wood was then determined by reading the mass of the
displaced water on the balance (Swenson and Enquist 2008). Samples were oven dried at 103°C
for 72 hours due to sample size (Williamson and Weimann 2010) to drive off both free and
bound cellular water. Once oven dried, the samples were then weighed for oven-dry weight to
obtain a basic specific gravity (SGb) for each sample (Equation 3.2).
SGb = MOD/Vg/ ρwater

(3.2)

Where:
SGb = the basic specific gravity for a pith to bark edge 12mm core sample (unitless),
MOD = the oven dry mass for a pith to bark edge 12mm core sample (grams),
Vg = the green volume for a pith to bark edge 12mm core sample (cm3), and

ρwater = the change in weight and volume of water when a green pith to bark edge 12mm core
sample is submerged (g/cm3).
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Data analyses for the specific gravity metrics were performed using a mixed models
approach modified for the split plot design with two main plot effects (PROC MIXED; SASInstitute 2012) (Equation 3.1). Significant results were then further analyzed by Least Square
Means tests to determine treatment differences based on a critical value of alpha=0.05.
Across all analyses, abbreviated code will be used to reference treatment combinations.
Varietal ideotypes are indicated by the following abbreviations, Crop Ideotype (CROP) or
Competitor Ideotype (COMP). Management level is indicated by the following abbreviations,
Normal Management Level (N) or Intensive Management Level (I). Spacing is given as the
rectangular spacing level of the subplot unit and indicated by 6 x 14, 9 x 14 or 16 x 14.
Significant results for growth and yield were further analyzed by Least Square Means tests to
determine treatment differences based on a critical value of alpha=0.05.
Results
One of the potential advantages of utilizing improved loblolly pine seedlings includes an
expectation of increased survival (Fox et al. 2007b; Bettinger et al. 2009; Jokela et al. 2010;
Aspinwall et al. 2013). During the establishment of the Newton Ideotype Study, a higher than
expected mortality rate was observed in the first two growing seasons, requiring replanting. One
replication of the CROP ideotype under normal management intensity and a spacing level of 16
x 14 feet experienced what would be considered a borderline regeneration failure (~75%
mortality) after two attempts at replanting. This is most likely due to its location in the
landscape, a low wet spot, but the actual cause of the mortality in this subplot is unknown. Data
from this subplot was included in some, but not all analyses. In general, the CROP ideotype had
a slightly higher mortality at each level of management intensity and spacing than the
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corresponding COMP ideotype. This indicated that there may be a site related issue that has a
more pronounced impact on the CROP ideotype than the COMP ideotype.
Height
The analysis of variance for tree height for ages seven, eight, and nine are shown in Table
3.1. At age seven, varietal and management intensity significantly and independently affected
mean tree height in feet. The effect of spacing did not significantly affect mean tree height at
age seven but began to have an impact in the eighth growing season (Table 3.1). When further
broken down by age using least square means analysis, the COMP ideotype was significantly
taller on average across all ages (Figure 3.3). The difference in average height between COMP
and CROP ideotypes were 3.1 ft. at age seven and continued to increase to 6.5 ft. at age nine.
Least square means analysis of management intensity determined that across growing seasons,
intensive management significantly increased average tree height (Figure 3.4). At age eight and
nine, the impact of spacing was significantly and independently different with respect to average
height, but was not significant at age seven (Table 3.1). The height difference between intensive
and normal management declined slightly between ages seven and nine, differences of 6 ft. and
5.5 feet, respectively (Table 3.4). The row spacing level of 6 x 14-feet resulted in significantly
greater average height at ages eight and nine than the 16 x 14-foot spacing but was not
significantly different from the 9 x 14-foot at age eight and nine (Figure 3.5).
Diameter
The analysis of variance for diameter across stand ages seven through nine are given in
Table 3.2. At ages seven, eight, and nine the average diameter was significantly different
between varietals (Table 3.2). Across all ages, the COMP ideotype had significantly greater
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DBH (Figure 3.6). At age seven, management intensity was independently significant (Table
3.2). When averaged across all other treatment levels, intensive management resulted in
significantly larger DBH by 2-inches, than normal management (Figure 3.7). Spacing was not
significant at age seven (Table 3.2). The interaction of management intensity and spacing
significantly impacted diameter at age eight and nine (Table 3.2). At age eight, intensive
management at a spacing of 16 x 14-feet had significantly greater average DBH (7.9 inches) than
all other combinations of varietal, management intensity and spacing level (Table 3.3). The
combination of normal management and 6 x 14-foot spacing resulted in a significantly lower
DBH of 5.5 inches compared to all other levels of management intensity and spacing (Table 3.3).
This trend continues in 2016 (Table 3.4). At age nine, intensive management at a spacing of 16
x 14-feet had significantly greater average DBH (8.8 inches) than all other combinations of
varietal, management intensity and spacing level (Table 3.4). The combination of normal
management and 6 x 14-foot spacing resulted in a significantly lower DBH of 6.1 inches
compared to all other levels of management intensity and spacing (Table 3.4).
Volume
The results for average cubic foot volume per tree across stand ages seven through nine
are given in Table 3.5. Varietal significantly and independently impacted average tree volume at
age seven, eight, and nine. In Figure 3.8, across all ages, the COMP ideotype had significantly
greater average tree volume across all levels of management intensity and spacing. At age seven,
average volume is significantly and independently affected by management intensity (Table 3.5).
Increasing management intensity significantly increased average tree volume, 1.4 ft3 versus 0.5
ft3, in the seventh growing season (Figure 3.9). Spacing was not significant with respect to
average volume (ft3) at age seven. In the eighth and ninth growing seasons, the interaction of
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management intensity and row spacing affected average tree volume in cubic feet (Table 3.5).
At age eight, the combination of intensive management and 16 x 14-foot spacing resulted in
significantly greater average tree volume (4.2 ft3) than any other combination of management
intensity and spacing (Table 3.6). In the ninth growing season, this same combination of
management intensity and spacing continued to be significantly higher with respect to average
tree volume than all other levels of management intensity and spacing (Table 3.7).
Incremental Volume
Current annual increment (CAI) of average tree cubic foot volume growth (ft3/tree/year)
was determined for the 2016 growing season which was year 9 of the Newton Ideotype Study.
Analysis of the CAI volume data showed the effect of varietal was independently significant
with respect to CAI (Table 3.8). In the 9th growing season, the COMP ideotype had significantly
greater average CAI growth (Figure 3.10). The interaction between management intensity and
row spacing was significant with respect to CAI volume in cubic feet for the 2016 growing
season (Table 3.8). Intensive management combined with a spacing of 16 x 14-feet resulted in
the largest average incremental volume growth of 1.55 ft3/tree/year at age nine (Table 3.9).
The periodic annual increment (PAI) volume (ft3/tree/year) was determined for the period of
stand ages seven through nine. Analysis of the PAI volume data showed the effect of varietal
was independently significant with respect to PAI (Table 3.10). The COMP ideotype had
significantly greater average PAI growth (Figure 3.10). The interaction of management intensity
and row spacing was significant with respect to the PAI volume (Table 3.3.10). Intensive
management and 16 x 14-foot spacing in combination resulted in an average PAI volume of 1.24
ft3/tree/year that was significantly greater than all other levels of management intensity and row
spacing when averaged across varietals (Table 3.11).
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Finally, the average mean annual increment (MAI) volume growth (ft3/tree/year) was
determined for the full 9-year period of the study. With respect to mean annual increment,
varietal was independently significant (Table 3.12). The COMP ideotype had significantly
greater average MAI growth (Figure 3.10). The interaction of management intensity and row
spacing was significant with respect to the MAI volume (ft3/tree/year) (Table 3.12). The
combination of intensive management and 16 x 14-foot spacing resulted in an average MAI
volume of 4.97 ft3/tree/year that was significantly greater than all other levels of management
intensity and row spacing when averaged across varietals (Table 3.13). The combination of
normal management and 6 x 14-foot spacing resulted in an average MAI volume of
2.31ft3/tree/year that was significantly less than all other levels of management intensity and
spacing (Table 3.13).
Specific Gravity
Wood quality as it relates to basic specific gravity was quantified across all treatment
levels for the Newton Ideotype Study. The variables of ideotype, management intensity, and/or
spacing level were not significant with respect to basic specific gravity for these two 9-year old
loblolly pine varietals in the Upper Coastal Plain of Mississippi (Table 3.14). As shown in
Figure 3.11 there are differences between combinations of varietal types, management
intensities, and spacings but the differences were statistically tied together such than the overall
results are not significant.

The range of specific gravity results have a high of 0.39 for the

combination of CROP ideotype, intensive management, and 16 x 14-foot spacing and a low of
0.36 for the combination of COMP ideotype, normal management, and 16 x 14-foot spacing.
Given the narrow range of differences and the young age of the stand this result was not
unexpected.
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Discussion
Many studies cite using an ideotype approach for identifying traits not only for breeding
and selection but also for gaining insight into productivity (Martin et al., 2001; McKeand et al.,
2003; Emhart et al., 2007; Fox et al., 2007; Aspinwall et al., 2011b; Garcia Villacorta et al.
2015). The CROP ideotype is often included in such studies because its narrow crown shape is
expected to be more suited to growth in dense plantations, producing higher quality stems with
smaller knots more efficiently. The concept seems to imply that compact crowns coupled with
small branch size planted to force early competition would influence the trees to grow taller and
lose lower limbs before they became large enough to change lumber grade. This would result in
a smaller central core of juvenile material and a larger volume of clear wood production in the
first log. The COMP ideotype is expected to perform better in older or more widely spaced
stands (Martin et al., 2005). The concept seems to imply that wide crowns coupled with flat
branches take advantage of available growing space. This would maximize growth at each
opportunity during the rotation when additional space was available, such as after thinning. This
would result in a larger central core of juvenile material and variation in amount of clear wood
production in the first log. In the current study, this has not been the case. The wider crowned
COMP ideotype has outperformed the narrower crowned CROP ideotype in all metrics under all
levels of management intensity and spacing. The growth and yield parameters of total height,
DBH, and average tree volume followed similar trends at ages seven, eight, and nine. At age
seven, varietal total height for the COMP ideotype was significantly greater than that for the
CROP ideotype. As this result is averaged over spacing and management intensity, it would
appear, that this particular CROP ideotype is not meeting the purported expectations (Dickmann
1985; Dickmann et al. 2010; Martin et al. 2005). The combination of intensive management and
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a row spacing of 6 x 14 feet resulted in significantly taller trees at age seven than other
combinations of management intensity and row spacing. This is expected, regardless of
ideotype, based on numerous studies (Fox 2000; McKeand et al. 2006; Fox et al. 2007b; Allen
2008; Jokela et al. 2010). The expected rapid growth rate of the COMP ideotype and the
pressures of the narrow within row spacing coupled with a lack of competing vegetation are
main factors driving total height at age seven. The exploitation of the wider spacing between row
spacing allowed the COMP ideotype to express greater height growth over the CROP ideotype
by age seven. Furthemore, the difference in height growth between the two ideotypes continued
to increase through age nine.
Planting fast growing elite loblolly pine at wide spacings has been met with mixed
results. Currently, across the southern United States there is an excess inventory of standing pine
timber volume which has also been accompanied by low stumpage value. The appeal of planting
fewer trees per acre and the ability to bypass a pulpwood thinning seems to be a valid
consideration for landowners. The potential negative impacts to volume growth are a concern
that may be mitigated by planting the proper varietal. Using a competitior ideotype has been
recommended to fit this particular management regime (Dickman 1985; Dickman et al. 2010;
Martin et al.2001). The growth and yield results at Newton are similar to those of Albaugh et al.
(2015) who found that increased silvicultural intensity increased height, diameter, volume and
volume increment in a study of multiple varietals and ideotypes of loblolly pine in the Virginia
Piedmont. At Newton, the interaction of the COMP ideotype under intensive management and a
row spacing of 16 x 14 feet was significant in producing the largest overall DBH at ages eight
and nine. This resulted in greatest average tree volume and incremental volume of any other
combination of treatments. However, this spacing does come with concerns of reduced log
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quality due to the failure of the crown to lift which results in larger knots in the butt log. Thus
stands should be configured with not only quality sawtimber genetic material but the correct
spacing to favor both growth and quality. Intensive management in the form of competition
control has repeatedly been shown to increase productivity of loblolly pine (Fox 2000; McKeand
et al. 2006; Fox et al. 2007b; Allen 2008; Jokela et al. 2010). It has also been general accepted
that trees planted at a narrower spacing level tend to have higher stand volume growth than those
planted at wider spacings due to the interaction of trees within and between rows (Clutter et al.
1984; Tasissa et al. 1997; Sierra-Lucero et al. 2003; Clark III et al. 2008). Many studies have
cited that with an increase in genetic improvement, an increase in silvicultural intensity is needed
to achieve maximum gains (Fox 2000; Allen 2008; Bettinger et al. 2009; Stovall et al. 2011).
The current study demonstrates that simply increasing competition control for the first two years
can impact the overall productivity of a stand during its rotation and may result in a higher return
at harvest.
Loblolly pine (Pinus taeda L.) has become one of the most economically important tree
species in the southeastern US (Zeide and Sharer, 2001). Over the last 60 years, the natural range
of loblolly pine has been expanded through breeding programs, species flexibility, and improved
silvicultural practices. This expansion includes reforestation activities in ecosystems that were
originally dominated by other pine species such as longleaf (Pinus palustris P. Mill.), shortleaf
(Pinus echinata Mill.), and slash (Pinus elliottii Engelm.) resulting in a shift from approximately
1.7 to over 32 million acres of loblolly pine southwide. With the changes in silviculture and tree
improvement, yields continue to increase (Fox et al., 2007). Millions of dollars are spent
annually to breed and improve southern yellow pine species with loblolly pine as the primary
focus of many of these programs (McKeand et al., 2007). The expectation of greater returns from
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improved elite genotypes of loblolly pine is inherent. In the current study, a snapshot of potential
stand level production per acre was developed for each level of ideotype, management intensity,
and row spacing. With varietal forestry, many landowners may have a preconceived expectation
of uniformity of product due to uniformity of genetics and silviculture. The genetic gains from
varietal pine stands depends greatly on the specific genotype, as seen in this study. However,
continued examination of selected varietals over a wide range of sites and a variety of spacing
should be continued. Building upon various ideptypes within the selected varietals will
eventually allow greater production and increased quality across numerous sites. As
demonstrated by the volumes shown across the young age of this study, there is a lot to be
learned. As stated by Sabatia and Burkhart in 2012 it may be that the genetic uniformity among
trees in a stand does not necessarily affect the intensity of competition within the stand.
The Newton Ideotype Study is still in the early stages of its growth and development.
Juvenile wood in softwood species is the wood produced in the first 5 to 20 rings near the pith of
the tree depending on species (Bergman et al. 2010). In clear wood, juvenile wood properties
that have been found to impact microfibril angle, cell length, and specific gravity which is a
combination of percentage of latewood, cell wall thickness, and lumen diameter. Specific gravity
is an index of the amount of cellulose wood substance contained in a piece of wood. However,
specific gravity values also reflect the presence of gums, resins, and extractives, which contribute
little to mechanical properties (Bergman et al. 2010). In the present study, there were no
significant differences in specific gravity for any level or interaction of ideotype, management
intensity, or spacing. There are several potential reasons why a lack of significant differences
was determined. First, the sample was analyzed as a bark to pith core sample. A bark to pith
core sample may over-represent the proportion of wood toward the pith (King et al. 2006) The
117

use of area-weighted mean of segments of the core may have been more appropriate to determine
the average wood SG for each tree sampled (King et al. 2006; Saldana-Acosta et al. 2008;
Swenson and Enquist 2008; Sungpalee et al. 2009). The second issue of note is the very low
average specific gravity values for both ideotypes regardless of management intensity or spacing
level. Gwaze et al. (2002) determined that core density in loblolly pine increases with age from
0.396 at five years, peaks around eleven years at 0.490, and remained fairly constant until
harvest. These findings are supported by other studies, many of which demonstrated that
different families of loblolly pine had differing core densities at all ages (Talbert et al. 1983;
Forbes 1999; Gwaze et al. 2002; Cumbie 2002; Clark III et al. 2008; Jordan et al. 2008; Antony
et al. 2010). In 1972, Zobel determined that loblolly pine juvenile wood had an average SG
range of 0.36 to 0.45 and the average SG for mature wood ranged 0.42 to 0.64. The present study
9-year average specific gravity fell in a range between 0.37 and 0.38. This is somewhat below
the expected values for varietal loblolly pine at age nine but within the lower end of the
observations made for juvenile wood (Zobel 1972; Kretschmann 2008). Results from a
southwide study by Jordan et al. (2008) indicate that SG generally decreases across the range of
loblolly from south to north and east to west. Stands growing on the edge of the natural range
tend to have lower whole core SG. Jordan et al. (2008), predicts that the area around Newton is
estimated to have a SG of 0.423 to 0.440 around age sixteen for loblolly pine. Observations
from the region the authors refer to as the Hilly Coastal region gave a whole core SG
0.453(0.0031), earlywood SG 0.333(0.0015), latewood SG 0.691 (0.0040) and percent latewood
33.79 (0.5013). The total width of each growth ring on an individual level is not related to wood
strength, but when there are few rings per inch of diameter, the proportion of latewood can be
reduced resulting in decreased strength (Bergman et al. 2010). When observing individual
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growth rings in the cores that were sampled for specific gravity, the sections of earlywood were
much wider than those of the latewood for each ring and in most cases the ratio of earlywood to
latewood was approximately 3 to 1, but this was not quantified for every sample. Lumber with a
proportion of latewood of less than 15 % on average in the annual rings is defined as
exceptionally light lumber (Dickens et al. 2005; Bergman et al. 2010). Given the CAI of the
ideotypes from Newton at age nine is made up of a greater proportion of earlywood as is the PAI
from age seven to age nine, it is likely that the specific gravity is being impacted by the greater
volume of less dense earlywood. Observations of the cores showed many visible resin canals
which may indicate a higher amount of extractables are present which may also lead to a lower
specific gravity (Einspahr et al. 1969; Panshin and de-Zeeuw 1980; Cumbie 2002; Antony et al.
2010). Using the criteria from Bergman et al. (2010) which includes no fewer than 4 annual
growth rings per inch and 50% latewood, high-quality loblolly should have an average diameter
growth of no greater than 1/2" per year. The present study does not meet this criteria at this time
which may lead to further quality issues at the end of the stand rotation.
Conclusions
The two varietal ideotypes at Newton responded differently to varying levels of
management intensity and spacing level. As global demand for timber increases, the deployment
of elite loblolly pine varietals will continue to increase (Allen 2008; Fox et al. 2007; Johnsen et
al. 2014). The application of intensive vegetation control and early pest management increased
the overall volume and estimated value of these ideotypes. Wider spacing facilitated higher
volume primarily through increased DBH and in the case of the COMP ideotype a higher
estimated proportion of quality wood products. This trend may hold into the end of the rotation
or it may be that over time, a narrower spacing arrangement will surpass this spacing level in
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terms of higher volume as stand occupancy begins to drive height growth during midrotation.
With the current excessive standing inventory of southern yellow pine at an all-time high
throughout the southern United States, planting fewer trees per acre of quality elite genotypes at
wider spacings and managing early vegetative competition and pests can result in a more
productive and higher volume stand. Additional research across multiple sites may be needed to
further quantify these results over time for these two particular ideotypes of loblolly pine.
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Table 3.1

Analysis of height (feet) using a Mixed Type 3 Model with Contrasts at ages
seven, eight, and nine for two varietal loblolly pine ideotypes in Mississippi at two
management intensities and three spacing levels.

Type 3 Tests of Fixed Effects for Height for 2014, 2015, and 2016
Age 7
Age 8
Age 9
F Value
Pr > F F Value Pr > F
F Value
Pr > F
Effect
9.75
0.0123* 27.17 0.0006*
40.96
0.0001*
Varietal (VAR)
Management Intensity
(MI)
VAR*MI
Spacing (S)

36.38

0.0002*

31.28

0.0003*

29.39

0.0004*

0.58
1.17

0.4665
0.3260

0.10
3.85

0.7640
0.0355*

0.15
4.16

0.7042
0.0287*

1.17
0.3260
0.75
0.4819
3.01
0.0689
VAR*S
1.67
0.2101
1.56
0.2304
0.55
0.5857
MI*S
0.84
0.4460
0.71
0.5019
1.43
0.2603
VAR*MI*S
* Significant variation between at least one treatment combination of ideotype, management, and
spacing at α=0.05

Table 3.2

Analysis of diameter using a Mixed Type 3 Model with Contrasts at ages seven,
eight, and nine for two varietal loblolly pine ideotypes in Mississippi at two
management intensities and three spacings.

Type 3 Tests of Fixed Effects For Diameter for 2014, 2015, and 2016
Age 7
Age 8
Age 9
F Value
Pr > F
F Value
Pr > F
F Value
Pr > F
Effect
16.71
0.0027*
31.53
0.0003*
29.51
0.0004*
Varietal (VAR)
48.79
<.0001*
61.35
<.0001
75.27
<.0001
Management
Intensity (MI)
0.00
0.9694
1.08
0.3256
1.34
0.2764
VAR*MI
1.55
0.2324
28.53
<.0001
76.62
<.0001
Spacing (S)
0.96
0.3962
1.53
0.2375
0.88
0.4290
VAR*S
1.87
0.1754
6.30
0.0063*
5.98
0.0081*
MI*S
1.05
0.3656
0.40
0.6733
0.71
0.5045
VAR*MI*S
* Significant variation between at least one treatment combination of ideotype, management, and
spacing at α=0.05
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Table 3.3

1

Effect of management intensity and spacing interaction on average diameter across
two varietal loblolly pine ideotypes in Mississippi at age eight.

Management
Intensity
Intensive
Intensive
Intensive
Normal
Normal
Normal

Spacing
(feet)
16 x 14
9 x 14
6 x 14
16 x 14
9 x 14
6 x 14

Estimate
7.9
7.1
6.7
6.0
5.9
5.5

Standard
Error
0.1379
0.1379
0.1379
0.1379
0.1379
0.1379

DF

t Value

Pr > |t|

24
24
24
24
24
24

57.22
51.21
48.37
43.70
43.08
39.80

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001

Letter
Group1
A
B
C
D
D
E

Letters denote statistical differences between management intensity and spacing across ideotypes of
loblolly pine at an alpha = 0.05 significance level.

Table 3.4

1

Effect of management intensity and spacing interaction on average diameter across
two varietal loblolly pine ideotypes in Mississippi at age nine.

Management
Intensity
Intensive
Intensive
Intensive
Normal
Normal
Normal

Spacing
(feet)
16 x 14
9 x 14
6 x 14
16 x 14
9 x 14
6 x 14

Estimate
8.8
7.7
7.2
7.0
6.6
6.1

Standard
Error
0.1190
0.1190
0.1190
0.1271
0.1190
0.1190

DF

t Value

Pr > |t|

23
23
23
23
23
23

73.86
65.11
60.83
55.33
55.38
51.22

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001

Letter
Group1
A
B
C
C
D
E

Letters denote statistical differences between management intensity and spacing across ideotypes of
loblolly pine at an alpha = 0.05 significance level.
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Table 3.5

Analysis of volume (ft3) using a Mixed Type 3 Model with Contrasts at ages
seven, eight, and nine for two varietal loblolly pine ideotypes in Mississippi at two
management intensities and three spacings.

Type 3 Tests of Fixed Effects for Volume for 2014, 2015, and 2016
Age 7
Age 8
Age 9
Effect
F Value Pr > F F Value Pr > F F Value Pr > F
12.40
0.0065*
28.37
0.0005*
38.79
0.0002*
Varietal (VAR)
31.04
0.0003*
39.61
0.0001
51.00
<.0001
Management
Intensity (MI)
2.05
0.1860
0.59
0.4604
0.59
0.4617
VAR*MI
2.18
0.1344
16.56
<.0001
29.99
<.0001
Spacing (S)
2.46
0.1067
3.07
0.0648
1.95
0.1657
VAR*S
1.12
0.3431
5.23
0.0131*
4.82
0.0179*
MI*S
1.52
0.2385
1.20
0.3177
1.34
0.2809
VAR*MI*S
*Significant variation between at least one treatment combination of ideotype, management, and
spacing at α=0.05

Table 3.6

Effect of management intensity and spacing interaction on volume (ft3) across two
varietal loblolly pine ideotypes in Mississippi at age seven.

Management
Intensity

Spacing
(feet)

Estimate Standard DF
Error

Intensive

16 x 14

4.18

0.1692

24

24.70

<.0001

A

Intensive

9 x 14

3.43

0.1692

24

20.27

<.0001

B

Intensive

6 x 14

3.12

0.1692

24

18.46

<.0001

B

Normal

16 x 14

2.13

0.1692

24

12.57

<.0001

C

Normal

9 x 14

2.07

0.1692

24

12.25

<.0001

CD

Normal

6 x 14

1.76

0.1692

24

10.41

<.0001

D

1

t Value

Pr > |t| Letter
Group1

Letters denote statistical differences between management intensity and spacing across ideotypes of
loblolly pine at an alpha = 0.05 significance level.
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Table 3.7

Effect of management intensity and spacing interaction on volume (ft3) across two
varietal loblolly pine ideotypes in Mississippi at age nine.

Management
Intensity

Spacing
(feet)

Estimate

Standard
Error

DF

t Value

Pr > |t| Letter
Group1

Intensive

16 x 14

5.73

0.1910

23

29.98

<.0001

A

Intensive

9 x 14

4.65

0.1910

23

24.36

<.0001

B

Intensive

6 x 14

4.11

0.1910

23

21.50

<.0001

C

Normal

16 x 14

3.27

0.2028

23

16.12

<.0001

D

Normal

9 x 14

2.94

0.1910

23

15.41

<.0001

DE

Normal

6 x 14

2.53

0.1910

23

13.27

<.0001

E

1

Letters denote statistical differences between management intensity and spacing across ideotypes of
loblolly pine at an alpha = 0.05 significance level.

Table 3.8

Mixed Type 3 Model with Contrasts for 2016 growing season volume
(ft3/tree/year) current annual increment (CAI) at age nine for two varietal loblolly
pine ideotypes in Mississippi at two management intensities and three spacings.

Type 3 Tests of Fixed Effects for Average CAI volume (ft3/tree/year)
Effect
Numerator DF Denominator DF F Value Pr > F
1
9
18.46 0.0020*
Varietal (VAR)
1
9
18.36
0.0020
Management Intensity (MI)
1
9
0.01
0.9106
VAR*MI
2
23
65.54
<.0001
Spacing (S)
2
23
0.27
0.7635
VAR*S
2
23
4.93
0.0165*
MI*S
2
23
0.59
0.5599
VAR*MI*S
* Significant variation between at least one treatment combination of ideotype, management, and
spacing at α=0.05
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Effect of management intensity and spacing interaction on CAI (ft3/tree/year)
across two varietal loblolly pine ideotypes Mississippi at age nine.

Table 3.9

Management Spacing Estimate Standard Error DF t Value Pr > |t| Letter
Intensity
(feet)
Group1
Intensive

16 x 14

1.5475

0.05294

23

29.23 <.0001

A

Intensive

9 x 14

1.2150

0.05294

23

22.95 <.0001

B

Normal

16 x 14

1.0968

0.05582

23

19.65 <.0001

BC

Intensive

6 x 14

0.9838

0.05294

23

18.58 <.0001

CD

Normal

9 x 14

0.8712

0.05294

23

16.46 <.0001

DE

Normal

6 x 14

0.7762

0.05294

23

14.66 <.0001

E

1

Letters denote statistical differences between management intensity and spacing across ideotypes of
loblolly pine at an alpha = 0.05 significance level.

Table 3.10

Mixed Type 3 Model with Contrasts for the average volume PAI (ft3/tree/year)
growth at age nine for two varietal loblolly pine ideotypes in Mississippi at two
management intensities and three spacings across the 2014, 2015, and 2016
growing seasons.

Type 3 Tests of Fixed Effects for Average PAI (ft3/tree) for Three Growing Seasons
Effect
Numerator DF Denominator DF F Value Pr > F
1
9
51.70 <.0001*
Varietal (VAR)
1
9
54.76
<.0001
Management Intensity (MI)
1
9
0.03
0.8702
VAR*MI
2
23
45.69
<.0001
Spacing (S)
2
23
2.55
0.1001
VARS
2
23
6.87
0.0046*
MI*S
2
23
1.18
0.3248
VAR*MI*S
* Significant variation between at least one treatment combination of ideotype, management, and
spacing at α=0.05
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Table 3.11

Effect of management intensity and spacing interaction on PAI (ft3/tree/year) at
age nine across two varietal loblolly pine ideotypes in Mississippi across the 2014,
2015, and 2016 growing seasons.

Management Spacing Estimate Standard Error DF t Value Pr > |t| Letter
Intensity
(feet)
Group1
Intensive

16 x 14

1.2425

0.03661

23

33.94 <.0001

A

Intensive

9 x 14

0.9788

0.03661

23

26.74 <.0001

B

Intensive

6 x 14

0.8488

0.03661

23

23.19 <.0001

C

Normal

16 x 14

0.7591

0.03903

23

19.45 <.0001

CD

Normal

9 x 14

0.6750

0.03661

23

18.44 <.0001

D

Normal

6 x 14

0.5750

0.03661

23

15.71 <.0001

E

1

Letters denote statistical differences between management intensity and spacing across ideotypes of
loblolly pine at an alpha = 0.05 significance level.

Table 3.12

Mixed Type 3 Model with Contrasts for MAI (ft3/tree/year) at age nine for two
varietal loblolly pine ideotypes in Mississippi at two management intensities and
three spacings across all growing seasons.

Type 3 Tests of Fixed Effects for Average MAI Volume (ft3/tree) at age 9
Effect
Numerator DF Denominator DF F Value Pr > F
1
9
51.41 <.0001*
Varietal (VAR)
1
9
54.47 <.0001
Management Intensity (MI)
1
9
0.02 0.8939
VAR*MI
2
23
46.83 <.0001
Spacing (S)
2
23
2.72 0.0873
VAR*S
2
23
7.00 0.0042*
MI*S
2
23
1.31 0.2902
VAR*MI*S
* Significant variation between at least one treatment combination of ideotype, management, and
spacing at α=0.05
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Table 3.13

Effect of management intensity and spacing on MAI (ft3/tree/year) growth by
management intensity and spacing at age nine for two varietal loblolly pine
ideotypes in Mississippi across all growing seasons.

Management Spacing Estimate Standard Error DF t Value Pr > |t| Letter
Intensity
Group1
Intensive

16 x 14

4.9700

0.1459

23

34.07 <.0001

A

Intensive

9 x 14

3.9175

0.1459

23

26.86 <.0001

B

Intensive

6 x 14

3.3787

0.1459

23

23.17 <.0001

C

Normal

16 x 14

3.0481

0.1555

23

19.60 <.0001

CD

Normal

9 x 14

2.7075

0.1459

23

18.56 <.0001

D

Normal

6 x 14

2.3063

0.1459

23

15.81 <.0001

E

1

Letters denote statistical differences between management intensity and spacing across ideotypes of
loblolly pine at an alpha = 0.05 significance level.

Table 3.14

Mixed Type 3 Model with Contrasts for basic specific gravity at age nine for two
varietal loblolly pine ideotypes in Mississippi at two management intensities and
three spacings.

Type 3 Tests of Fixed Effects for Age 9 Specific Gravity
Effect
Numerator DF Denominator DF F Value Pr > F
1
9
4.12
0.0729
Varietal (VAR)
1
9
1.49
0.2533
Management Intensity (MI)
1
9
1.16
0.3099
VAR*MI
2
24
0.94
0.4036
Spacing (S)
2
24
1.94
0.1657
VAR*S
2
24
0.40
0.6735
MI*S
2
24
1.43
0.2598
VAR*MI*S
* Significant variation between at least one treatment combination of ideotype, management, and
spacing at α=0.05
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Figure 3.1

Use of a modernized version of the Echols (1969) large diameter increment borer
designed by the Center for Advanced Vehicular Systems (CAVS) at Mississippi
State University for bark to bark core sampling.

Figure 3.2

Large increment core sample data collection and subsampling for basic specific
gravity analysis.
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Effect of varietal on height for age seven, age eight, and age nine for two varietal
loblolly pine ideotypes in Mississippi across two management intensities and three
spacings.
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Effect of management intensity on height at age seven, age eight, and age nine
across two varietal loblolly pine ideotypes in Mississippi at three spacings.
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Effect of spacing on height at age eight and age nine across varietal loblolly pine
ideotypes and management intensities in Mississippi.
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Effect of varietal at ages seven, eight, and nine on diameter for two varietal
loblolly pine ideotypes in Mississippi across two management intensities and three
spacings.
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Figure 3.7

Effect of management intensity at age seven on diameter across two varietal
loblolly pine ideotypes and three spacings in Mississippi.
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Figure 3.8

Effect of varietal at age seven, eight, and nine on volume for two varietal loblolly
pine ideotypes in Mississippi across two management intensities and three
spacings.
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Effect of management intensity at age seven on volume across two varietal loblolly
pine ideotypes at three spacings in Mississippi.
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Effect of varietal on average volume CAI at age nine, PAI for ages seven to nine
growing seasons, and MAI at age nine (ft3/tree/year) for two varietal loblolly pine
ideotypes in Mississippi across two levels of management intensity and three
spacings.
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Specific gravity at age nine for two varietal loblolly pine ideotypes in the Upper
Coastal Plain of Mississippi at two management intensities and three spacings.
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CHAPTER IV
SUMMARY OF THE FINDINGS OF THE NEWTON IDEOTYPE STUDY AT AGE NINE
The ideotype concept and its application to trees is complex at best. To apply a fixed set
of metrics to a species that lives for decades seems to invite complications. The Newton Ideotype
study presented some complex interactions with respect to interpretation of ideotype
classifications for the two maternally related varietal loblolly pine varietals tested. The CROP
ideotype was purported to have a narrow compact crown, acute branch angles, and small
diameter branches. In general, the CROP ideotype used at Newton, developed a crown at age
nine that fell between the parameters of the two ideotypes, with branches that were larger than
expected and a crown that was more spreading than compact. Due to effects of the repeated top
dieback in this varietal, the crown became, in the most severe instances, either a bushy multitopped mess or more ovoid with huge lower branches fighting to assert dominance. The COMP
varietal was purported to have a wide spreading crown, flat branch angles, and small branch
diameters. For the most part, this ideotype maintained the parameter standards, excepting the
larger than expected branch diameters. Intensive management significantly increased LAI and
crown volume for each ideotype. Average LAI during the peak season and dormant season was
greatest in the plots with the closest spacing levels regardless of ideotype. This may be a result
due to the overlapping of canopies rather than greater actual leaf area per tree or the possibility
that the trees in the narrowest spacings are approaching site occupancy. At the time the LAI
measurements were collected, it was determined that a subplot level average would be sufficient
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to interpret differences between treatment levels. Should LAI data be collected in the future, it is
suggested that individual tree measurements be attempted. In this manner it may also possible to
collect LAI data on trees with and without dieback symptoms. While the ideotype concept may
be a good tool for defining potential growth rates and competitiveness of specific individuals, it
may not be the best tool for defining crown architecture in fast growing improved loblolly pine.
Dieback is a relatively rare occurrence in loblolly pine based on the available literature. A
wide range of potential causes have been explored across the southeast resulting in the metaanalysis by South et al. (2002). From this summary, we looked primarily at the issues of nutrient
imbalances, freeze damage, or multiple factors as the causal agent(s) of top dieback. It was
discovered that the maternal parent shared by the two varietals is well known for susceptibility to
top dieback. It was further determined that the temperature variations during the dormant season
fluctuated between warm and freezing in a way that may induce freeze damage. Dormant season
foliar nutrient analysis determined deficiencies and excesses of key macro and micro-nutrients
that supported theories of various nutrient related imbalances and stresses (Allen 1987; Allen
2001; Jokela et al. 2004; Pritchett and Comerford 1983; Wells et al. 1973). The historic and
current agricultural practices at the Newton site allow for potential abiotic impacts from the
applications of fertilizers and pesticides to introduce nutrient inputs to the site and may be a
causal factor. Overall, it appears that there may be many factors that may be working in concert
at the Newton site to promote top dieback in loblolly pine. Previous studies indicated top dieback
to be an issue with seedlings and juvenile loblolly pine up to around age four. Due to the older
age of the trees in the Newton Ideotype Study when compared to other top dieback studies, it
appeared that top dieback is more of a chronic issue for this site. It should also be noted that an
adjacent study containing cottonwood (Populus sp. L.) progeny test has had significant mortality
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and top dieback issues as well. The site location in the upper coastal plain of Mississippi places
this specific study is a geographic area known for high probability of pests and diseases which
target loblolly pine (Berisford 1987; USDA 1989; Nowack and Berisford 2000). This provides
several potential biotic stress factors to the stand that have yet to be investigated. Overall, it
appears that the Newton site is experiencing significant top dieback due to multiple factors and
interactions that are not completely understood at this time. Further research is needed to
quantify the initial findings and develop a better picture of the interactions that are resulting in
the chronic level of top dieback observed at this site.
Development of varietal ideotypes of loblolly pine was intended to make production
more efficient over a rotation. By deploying the proper ideotype and applying the correct
silvicultural practices, landowners were predicted to maximize volume production while
minimizing cost in terms of time and resources. But, as illustrated by the two varietal ideotypes
at Newton, changes in silviculture result in varying levels of growth response. The application
of intensive vegetation control and early pest management increased the overall volume of these
ideotypes. Wider spacing facilitated higher volume primarily through increased DBH. This trend
may hold into the end of the rotation or it may be that over time, a narrower spacing arrangement
will surpass this spacing level in terms of higher volume and quality classifications as stand
occupancy begins to drive height growth during midrotation. The complication of top dieback
has further influenced the growth and yield metrics on this site, making interpretation more
difficult. Additional research across multiple sites would be needed to further quantify these
results over time for these two particular ideotypes of loblolly pine. However, the two varietals
are no longer in production, making future comparisons with these specific genetics difficult.
Certainly the question of varietal response to deployment in clonal blocks on converted
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agricultural lands has been raised by the present study and warrants further investigation before
recommending varietal materials to NIPF landowners as a potential stocking material on these
sites.
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